Metabolomics based annotation of novel genes in Arabidopsis thaliana by Moon, Stephanie Michelle
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2008
Metabolomics based annotation of novel genes in
Arabidopsis thaliana
Stephanie Michelle Moon
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Biochemistry, Biophysics, and Structural Biology Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Moon, Stephanie Michelle, "Metabolomics based annotation of novel genes in Arabidopsis thaliana" (2008). Graduate Theses and
Dissertations. 11114.
https://lib.dr.iastate.edu/etd/11114
Metabolomics based annotation of novel genes in Arabidopsis thaliana 
   
 
by 
 
 
Stephanie Michelle Moon 
 
 
 
 
A thesis submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
 
 
 
Major:  Plant Biology 
 
Program of Study Committee: 
Basil J. Nikolau, Major Professor 
Eve S. Wurtele 
Philip Dixon 
 
 
 
 
 
 
 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2008 
 
Copyright © Stephanie Michelle Moon, 2008.  All rights reserved. 
 ii 
TABLE OF CONTENTS 
CHAPTER 1. GENERAL INTRODUCTION       1 
Rationale and Significance         3 
Thesis Organization          5 
References           5 
CHAPTER 2. METABOLOMICS: AS A HYPOTHESIS-GENERATING 
FUNCTIONAL GENOMICS TOOL FOR THE ANNOTATION OF ARABIDOPSIS 
THALIANA GENES OF “UNKNOWN FUNCTION”      7 
SUMMARY           7 
INTRODUCTION          8 
RESULTS AND DISCUSSION        12 
Plant Materials          12 
Analytical Platforms          12 
Data Visualization          16 
Environmental Impact Experiment       20 
Mutant Experiments          22 
Validation of Hypothesis Generation       24 
General Discussion          26 
MATERIALS AND METHODS         28 
Genetic Material          28 
Plant Growth Conditions         28 
Harvesting Plant Materials for Metabolomics Analysis     29 
 iii 
Metabolomics Analytical Platforms       30 
Data Compilations and Dissemination       30 
Statistical Methods          31 
SUPPLEMENTAL MATERIALS        34 
ACKNOWLEDGEMENTS         57 
REFERENCES           58 
CHAPTER 3. PLANTMETABOLOMICS.ORG: A WEB PORTAL FOR PLANT 
METBOLOMICS EXPERIMENTS         73 
ABSTRACT           73 
INTRODUCTION          74 
DEVELOPMENT OF PLANTMETABOLOMICS.ORG     76 
Rationale           76 
Design Requirements and Functionality       77 
PLANTMETABOLOMICS.ORG CONTENT       78 
Experiment Annotation         79 
Design of Experiments         80 
Experiment Data          81 
Tutorials           82 
Data Analysis and Visualization        83 
Query Capabilities          85 
APPLICATIONS OF PLANTMETABOLOMICS.ORG     86 
Case Study           86 
CONCLUSIONS          88 
 iv 
MATERIALS AND METHODS         90 
Normalization and Data Processing       90 
Missing Values          90 
Log-Ratio Plot          91 
Error Plot           91 
Database Schema          91 
Web Site Map          91 
Data Curation          91 
ACKNOWLEDGEMENTS         92 
REFERENCES           92 
CHAPTER 4. GENERAL CONCLUSIONS      102 
References          105 
ACKNOWLEDGEMENTS         106 
 1 
 
CHAPTER 1. GENERAL INTRODUCTION 
 
Over the past 20 years, Arabidopsis thaliana has become a model system for 
the study of plant biology.  Significant advances in understanding plant growth and 
development have been made through focusing on the molecular genetics of this 
simple angiosperm (Meinke et al., 1998).  The Arabidopsis Genome Initiative 
completed the genome sequence of Arabidopsis in 2000, providing a resource for 
furthering the understanding of Arabidopsis biology.  From the completed genome 
sequence it was predicted that there were approximately 26,000 genes in 
Arabidopsis and roughly 30% of the predicted gene products could not be assigned 
to functional categories based on sequence similarities to proteins of known function 
in all organisms (ArabidopsisGenomeInitiative, 2000).  Efforts were made by The 
Institute for Genomic Research (TIGR) and The Arabidopsis Information Resource 
(TAIR) to refine and improve the annotation process to improve the classification of 
genes within the Arabidopsis genome, however there are still a large number of 
genes that can not be assigned to functional categories (TAIR, October 2008 
http://www.arabidopsis.org/portals/genAnnotation/genome_snapshot.jsp) (Berardini 
et al., 2004; Haas et al., 2005).  It is apparent that sequenced based annotations are 
a limiting factor in gene function annotation, thus efforts have been made to 
revolutionize methods used to study plant biology, specifically in Arabidopsis, using 
a systems based approach (Chory et al., 2000).  A systems based approach 
requires the use of multiple facets of science such as high-throughput genomic, 
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transcriptomic, proteomic and metabolomic platforms along with computer science, 
mathematics and statistics (Hood, 2003).  
 Each of the above high-throughput platforms individually provides information 
about different levels of plant growth and development, but taken together can 
provide a holistic picture of the biological behavior of a complex organism (Bino et 
al., 2004).  The high-throughput genomic platform provided the complete DNA 
sequence in Arabidopsis and putative annotation of some genes.  However, it has 
not provided a complete understanding of every genes function.  Transcriptomic and 
proteomic platforms provide analysis of gene products such as mRNA and proteins, 
respectively, but do not provide direct information about how a change in mRNA or 
protein is coupled to a change in biological function (Fiehn et al., 2000).  
Metabolomic platforms have the potential to provide detailed information about the 
differential accumulation of individual metabolites, the end products of conditional 
perturbations to an organism (Raamsdonk et al., 2001).  Unlike mRNA and proteins, 
metabolites have a much greater variability in the order of atoms and subgroups 
compared to the linear 4-letter codes for genes or the linear 20-letter codes for 
proteins and therefore cannot be sequenced like genes or proteins using 
(comparatively simple) read-outs from one end to the other (Fiehn, 2002).  This 
variability in order of atoms and subgroups along with the vast diversity among plant 
metabolites provides challenges for developing metabolomics as a high-throughput 
technology for systems-based plant biology research. 
 Metabolomics is the science of identifying and measuring the pool of 
metabolites (small molecules of molecular weight <1,000), which collectively defines 
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the metabolome of a biological sample (Fiehn et al., 2000; Hall et al., 2002).  The 
ultimate goal of metabolomics is the ability to reliably detect and quantify every 
metabolite in a plant extract, which is a daunting task as it is estimated that there are 
up to 200,000 metabolites in the plant kingdom (Goodacre et al., 2004).  Technology 
in its current state cannot facilitate the accomplishment of this goal, but recent 
advances have improved the coverage of metabolite analysis within the plant 
metabolome.  The simultaneous analysis of a chemically diverse range of organic 
components in a complex mixture to gain a complete overview of the entire 
metabolic complement of a plant in a single or small series of analyses is currently 
inconceivable (Hall, 2006).  To compensate for this lack of technology, development 
of standards and tools (e.g. standard reference materials, consolidated metabolite 
libraries and metabolite-specific data-management systems) to facilitate comparison 
of results between laboratories and experiments needs to be accomplished (Bino et 
al., 2004).  
Rationale and Significance 
 This thesis explores the possibility of developing metabolomics as a tool for 
generating hypotheses about Arabidopsis genes that are currently annotated with an 
unknown function.  Metabolomics has generally provided evidence to support a pre-
formed hypothesis about the function of a gene based on prior experimental results, 
but has yet to be developed or validated as a tool to provide information to develop 
an initial hypothesis about gene function.  A reverse genetic strategy is one 
approach to identify the functions of genes of unknown function (GUF).  Specifically, 
the function of the GUF could be ascertained from biochemical analyses of strains 
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that carry mutations in that gene. In these mutant-strains the disruption of the 
biochemical network associated with the target gene could be revealed as the 
hyperaccumulation of upstream intermediates of the network and/or 
hypoaccumulation of downstream intermediates, thus leading to an initial hypothesis 
about the function of the target gene.  The ability to find perturbed biochemical 
networks requires extensive analysis of the metabolites within the Arabidopsis 
metabolome.  This requirement is difficult for a single laboratory to accomplish, due 
to the vast biochemical diversity of the plant metabolome along with the 
technological limitations, and thus required the generation of a metabolomics 
consortium. 
The chapters contained within this thesis will detail the formation and findings 
of a metabolomics consortium brought together to develop and validate 
metabolomics as a hyptothesis-generating functional genomics tool.  This 
consortium brings together multiple analytical laboratories along with 
bioinformaticists and biostatisticians.  Each analytical laboratory performs specific 
metabolite profiling platforms providing broad coverage of the metabolome under 
current technology limitations.  Storing, analyzing and providing the metabolomic 
data generated by the consortium required the development of a database available 
to the public at www.plantmetabolomcis.org. Statistical tools were also developed to 
analyze multiple metabolite profiling platforms within a single experiment and across 
multiple experiments.   
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Thesis Organization 
This thesis consists of 4 chapters.  The first chapter provides a general 
introduction to the status of gene annotation in Arabidopsis and the tools used for 
systems biology.  The second chapter is a manuscript to be submitted to The Plant 
Journal.  The manuscript describes the generation of a metabolomics consortrium to 
develop metabolomics as a hypothesis-generating functional genomics tool.  The 
third chapter is a manuscript to be submitted to the journal of Plant Physiology.  This 
manuscript describes the development of Plantmetabolomics.org.  The last chapter 
summarizes the important findings of this work and identifies potential future 
research. 
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CHAPTER 2. METABOLOMICS: AS A HYPOTHESIS-GENERATING 
FUNCTIONAL GENOMICS TOOL FOR THE ANNOTATION OF ARABIDOPSIS 
THALIANA GENES OF “UNKNOWN FUNCTION” 
A manuscript to be submitted to The Plant Journal 
  
Stephanie M. Moon1,2, Alexis Campbell1, Preeti Bais3, Lenore Barkan4, Libuse 
Brachova1, Diego Cortes5, Julie Dickerson3, Philip Dixon6, Oliver Fiehn7, Kun He8, 
David V. Huhman9, Hilal Ilarslan11,B. Markus Lange4, Iris Lange4, Seung Y. Rhee8, 
Mary R. Roth10, Vladimir Shulaev5, Joel Shuman5, Lloyd W. Sumner9, Ruth Welti10, 
Eve S. Wurtele11, and Basil J. Nikolau1,12 
 
SUMMARY 
The Arabidopsis thaliana genome contains approximately 30,000 genes and 
over 30% of these are annotated as coding for an unknown function.  Functional 
genomics tools, including proteomics, genomics, transcriptomics and metabolomics, 
are being exploited to produce large amounts of data to aid the determination of the 
function of these genes of unknown function (GUFs).  Metabolomics is a functional 
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genomics approach that can provide insight into the end products of a cellular 
regulatory response, and thus insight into the network by a genetic or environmental 
perturbations.  This paper explores the formation of a metabolomics consortium, that 
includes six analytical laboratories along with bioinformatists and biostatisticians, to 
develop and validate metabolomics as a hypothesis-generating functional genomics 
tool.  No single analytical platform can provide complete knowledge of the effect of 
genetic factors on the metabolome of Arabidopsis seedlings.Metabolomics data was 
generated from eleven analytical platforms and combined across platforms to 
formulate initial hypotheses about GUFs.  A public database 
(www.PlantMetabolomics.org) has been developed to provide the scientific 
community with access to the metabolomics data along with tools to allow for its 
interactive analysis.  Validation of the approach are illustrated by two specific 
examples that test initial hypotheses generated by the consortium based on 
integrating metabolomics data with prior knowledge to provide a more substantive 
hypothesis concerning the effect of environmental perturbations and the functionality 
of a GUF.  
INTRODUCTION 
The function of a large proportion of the approximately 30,000 Arabidopsis 
genes is experimentally undetermined (TAIR October 2007, 
http://www.arabidopsis.org/portals/genAnnotation/genome_snapshot.jsp, Berardini 
et al. 2004; Wortman et al. 2003). These genes fall into two categories: 1) genes 
whose function cannot be ascribed based upon any sequence homology (i.e., genes 
that either share no sequence homology to any gene in sequence databases, or 
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share homology to genes of unknown function) - approximately 9,000 out of 26,015 
annotated genes fall in this category; and 2) genes whose function can be classified, 
based on sequence motif homology, in terms of broad functional categories (e.g., 
phosphatase, kinase), but the biochemical and physiological function of the encoded 
protein remains elusive – approximately 15,000 genes fall in this latter category.  
Since completion of the sequencing of the Arabidopsis genome in 2000 (AGI, 2000), 
various governmental research-funding agencies (National Science Foundation in 
the US, German Research Foundation (DFG) and GABI funded by the Federal 
Ministry of Education and Research (BMBF) in Germany, Biotechnology and 
Biological Sciences Research Council (BBSRC) in the UK) have supported the 
development of community resources and the application of different technologies to 
identify the biochemical and physiological functions of these genes of unknown 
function.  These resources include the development of large mutant collections, 
mutant phenotype data, global expression profiling of RNA and protein gene 
products, protein-protein interaction data, and identification of the location of gene 
products at the cellular/tissue and subcellular organelle levels.  This manuscript 
describes the experimental systems that have been put in place within this context, 
to generate and evaluate metabolomics data as a tool for deciphering gene function 
in Arabidopsis (Bino et al. 2004).     
Metabolomics is the large-scale science of qualitatively identifying and 
quantitatively measuring the pool of metabolites (small molecules of molecular 
weight <1,000), which collectively define the metabolome of a biological sample 
(Fiehn et al. 2000; Hall et al. 2002; Nikolau and Wurtele 2007).  By identifying and 
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quantifying the metabolome of a biological sample, metabolomics defines the 
steady-state levels of the intermediates of the metabolic networks that constitute that 
sample, i.e., the metabolic phenotype.  These data therefore, articulate the final 
expression (output) of the genome at the molecular level.  Hence it follows that 
comparing the metabolome of a wild-type sample to that of a sample altered by a 
mutation at a target gene (or some other perturbation of the metabolic network) will 
provide clues as to the function of that targeted gene, and thus help define the basis 
for a biological trait or a biochemical phenotype associated with that allele. 
Because the functionality of the genes of unknown function (GUFs) is by 
definition undefined, it is difficult to predict the metabolites whose accumulation may 
be altered due to a loss-of-function allele at a GUF locus.  It is therefore desirable 
that the analytical technology that is used to assess the metabolome of a mutant 
sample be as comprehensive as possible.  However, no complete metabolite list for 
any species is available.  Moreover, due to the diversity of chemical and physical 
properties of metabolites, and the technical limitations in the dynamic range of 
detectors available to researchers, it would be a challenging proposition to assess 
the entire metabolome of an organism, even if the components were clearly defined.  
These technical limitations can be partially surmounted by a combination of two 
strategies.  First, metabolomics can be conducted with different analytical detectors 
(e.g., mass spectrometers, fluorescence, UV/VIS absorbance, IR absorbance, 
NMR); and each of these detectors can be a used in combination with different 
separation technologies (e.g., gas chromatography (GC), liquid chromatography 
(LC), capillary electrophoresis (CE)).  Thus, by combining various separation 
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technologies with different detection systems, it is possible to expand the variety of 
metabolites that can be analyzed, casting a broader net for capturing and measuring 
metabolites with vastly different chemical properties.  Second, in contrast to the 
approach in which global analysis of metabolites is undertaken independent of the 
chemical and physical properties of the metabolites, targeted metabolite analysis 
can be employed.  In this strategy metabolites are initially partially purified or 
enriched prior to their analysis, increasing the sensitivity of the analysis.   
A Consortium of metabolomics and metabolite profiling laboratories has been 
assembled, which unifies the advantages offered by different analytical approaches 
to determine the effect of mutations in GUFs on the metabolome of the tissue.  The 
consortium uses parallel technologies for the analysis of a large number of 
metabolites (about 1,700).  In partnership with biochemists, biostatisticians and 
bioinformaticists, the consortium has developed resources that can be used for 
generating sophisticated hypotheses as to the metabolic and physiological functions 
of Arabidopsis GUFs.  The cumulative data are available to the community via the 
project web site (www.PlantMetabolomics.org).  These data and resulting 
hypotheses provide the basis for additional informed and targeted experimentation 
necessary for the emperical validation of the physiological functions of Arabidopsis 
GUFs. 
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Results and Discussion 
Plant Materials  
 To cope with shifting environmental conditions, plants have evolved complex 
mechanisms that are seen as metabolic changes mediated by alterations in gene 
expression and/or changes in rates of enzyme-catalyzed reactions.  These 
alterations in metabolic processes finally manifest changes in steady state levels of 
metabolic intermediates (Nikiforova et al. 2005).  Thus, the environmental conditions 
used to generate plant materials for these studies were chosen to minimize 
environmental changes during plant growth.  A growth regimen of constant 
illumination, constant temperature, which were continuously monitored, and constant 
humidity were utilized.  These simple growth conditions were chosen to minimize 
environmental effects on metabolism enabling the detection of genetic consequence 
on metabolic processes.  Furthermore, these growth conditions can be readily 
replicated in any laboratory in the world.  
In general tissue was harvested by rapid quenching of metabolism by 
immersion into liquid nitrogen, although for two analytical platforms (i.e., cuticular 
waxes and glycerolipids), the harvesting process was adapted.  In each case, the 
method was chosen to decrease changes in the metabolome as a consequence of 
the harvesting procedure. 
Analytical Platforms 
This Consortium of six analytical labs is designed to combine outputs from 
multiple parallel analyses on aliquots of the identical plant materials.  In combination, 
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analytical laboratories generated abundance data on about 1700 metabolites.  
Approximately one third of this data was obtained from the four non-targeted 
metabolomics datasets, which utilized four different types of analytical platforms.  
Currently, approximately 900 of the detected metabolite peaks can be chemically 
identified. 
The Fiehn laboratory performed non-targeted analysis by GC-TOF MS of 
approximately 700 polar metabolites.  This platform captured information on 
predominantly primary metabolites such as amino acids, organic acids, alcohols, 
nucleosides, nucleotides, and mono/di/trisaccharides.  The Sumner laboratory utilized 
ultra high pressure liquid chromatography (UHPLC) coupled to a hybrid quadrupole 
time-of-flight mass spectrometer in a non-targeted approach to analyze over 650 
predominantly secondary metabolites.  These include chalcones, flavonoids, 
flavonoid O-glc, glucosinolates, terpenoids, organic acids, and fatty acids.  The 
UHPLC-Q-TOF MS method is an advanced application of HPLC-MS procedures 
(Farag et al. 2008, Farag et al. 2007, Huhman et al. 2005), but with higher peak 
capacities that are made possible by the use of UHPLC.  The Shulaev laboratory 
identified 138 polar primary metabolites using hydrophilic interaction chromatography 
(HILIC) coupled to tandem mass spectrometry operated in the selective reaction 
monitoring (SRM) mode or a CE-MS method, and also using a LC-MS method (Bajad 
et al. 2006).  Of the 138 identified metabolite peaks, 92 are chemically annotated as 
amino acids, nucleosides, nucleoside mono/di/triphosphates, carbohydrates, 
carboxylic acid, and redox related compounds.    
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Targeted analysis of isoprenoids was performed by the Lange laboratory 
using an HPLC system coupled to both diode array and mass spectrometric 
detection (Fraser et al. 2000, Ghassemian et al. 2006).  This platform identified 13 
metabolite peaks, 8 of which were chemically defined, which include chlorophylls, 
carotenoids, tocopherols and isoprenoid quinones.  The Lange laboratory also 
performed the phytosterol and tocopherol profiling platform by GC-MS, which 
identified 9 metabolite peaks, 7 of which were chemically annotated.  
Fatty acid profiling was performed by the Nikolau laboratory following 
hydrolysis of all ester, amide, and thioester bonds that link fatty acids to more 
complex lipids.  The hydrolyzed fatty acids were extracted into an organic solvent 
(hexane), chemically protected (by methylation and silylation), and analyzed by GC-
MS.  This procedure identified up to 210 metabolite peaks.  The chemical identity of 
50 metabolites was accurately established, and these include fatty acids, hydroxy-
fatty acids, sterols and hydrocarbons.   
Targeted profiling of free amino acids (those not associated with proteins) 
was performed by the Nikolau laboratory.  Free amino acids were derivatized with 
propyl chloroformate, and analyzed by GC-FID.  Because authentic standards are 
available for the majority of the metabolites identified by this platform, the chemical 
identity of all but five of the 31 metabolites profiled were determined.  
A ceramide platform, performed by the Nikolau laboratory, collected and 
analyzed the ceramide core of the sphingolipids in the tissue samples.  To achieve 
this, optimized conditions for sphingolipid extraction were used (Markham et al. 
2006).  The polar head groups of the extracted sphingolipids was removed by 
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hydrolysis and the ceramide-core, which is hydrophobic, was recovered with an 
organic solvent (hexane).  Following chemical protection of reactive group (by 
silylation), the ceramides were analyzed by GC-MS.  Chemical identification was 
achieved by comparing mass-spectra with authentic standards.  When derivatives 
were not available, structures were deduced based upon the unique fragmentation 
patterns in comparison to the authentic standards.  This enabled the identification of 
13 ceramides whose structures varied from each other based on the sphingoid base 
(either 4-hydroxysphing-8-enine or sphing-8-enine) acylated with different hydroxy-
fatty acids.  
The cuticular wax platform was performed by the Nikolau laboratory 
immediately upon harvesting from fresh (not frozen) tissue samples. A standard 
procedure of transiently dipping samples into chloroform was used to harvest these 
molecules from the surface of the samples (Dietrich et al. 2005).  Upon 
concentrating the extract, it was silylated and analyzed by GC-MS.  Between 150 
and 250 metabolite peaks could be identified in these analyses.  Mass-spectral data 
were compared to previously identified metabolites, leading to the annotation of 43 
metabolites.   
The targeted analysis of glycerolipid metabolites by the Welti laboratory 
(Kansas Lipidomics Research Center at Kansas State University) was started 
immediately during the harvesting process.  Fresh tissue was quenched by being 
placed directly into vials containing isopropanol (0.01% BHT) at 75°C for 15 minutes.  
The samples were then stored at -20°C until shipment to Kansas Lipidomics 
Research Center, where extraction was completed and tandem mass spectrometry 
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was used to analyze phospholipid and glycolipid metabolites by modified version of 
previously published procedures (Devaiah et al. 2006, Welti et al. 2002).  The targets 
included eight diacyl lipid classes (phosphatidylcholines, phosphatidylethanolamines, 
phosphatidylinositols, phosphatidylserines, phosphatidylglycerols, phosphatidic acids, 
monogalactosyldiacylglycerols, and digalactosyldiacylglycerols) and three monoacyl 
(lysolipid) classes (lysophosphatidylcholines, lysophosphatidylethanolamines, and 
lysophosphatidyglycerols).  These analyses led to the chemical annotation of 141 
metabolite peaks. 
Data Visualization 
  Database Description 
The data analysis and visualization tools at the PlantMetabolomics.org 
database provide summaries of data quality and aids in hypothesis generation with 
dynamic graphics.  The graphics are controlled via a graphical user interface (GUI), 
which allows the user to select experimental conditions and metabolites of interest.  
The “Data Overview” menu option accesses the data visualization tools.  
Users can search the PlantMetabolomics.org portal using metabolite names 
or pathway names.  This feature helps an investigator to look for a particular 
metabolite across different experimental conditions and discover which pathways the 
metabolite participates in.  The metabolite annotation page links to other databases 
such as KEGG, AraCyc, Pubchem, and MetNet Exchange, thus providing users with 
a central hub to explore known information about a particular metabolite.  Also, a list 
of all other metabolites in the database that are part of the same pathway can be 
created.  The names of all the pathways that contain a metabolite are shown on the 
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metabolite details page.  The pathway names are clickable and show experimental 
data for all the other metabolites that participate in that pathway.  The portal contains 
a local copy of the metabolite synonyms from the AraCyc pathway database.  This 
facilitates searching for metabolites using either their names or any of the synonyms.  
The local copy is updated every 4 months. 
Ratio plots permit direct comparison of metabolite levels under different 
experimental conditions. The ratio plot graphical user interface (GUI) links to all 
available experiments along with access to the experiment metadata.  Any two 
experimental factors can be selected and compared using drop-down lists.  The 
analysis can also focus on specific analytical platforms.  The resulting ratio plot 
shows the abundance data ratios where each metabolite is depicted by a clickable 
mark on the ratio plot. Placing the mouse cursor near a data point gives the name of 
the metabolite.  The x-axis shows the logarithm (base 2) ratio of the relative 
abundance of each metabolite between the mutant and wild type samples selected.  
The metabolites that have a relatively low fold-change between the two factors are 
close to the central vertical y-axis and the metabolites that have a relatively high 
fold-change are further away from the axis.  The metabolites with one or more 
replicates with missing values are shown with different colored marks for a quick 
visualization of data quality.  
A summary of the metabolite abundance data is generated along with the 
ratio plot.  This summary contains clickable metabolite names that are grouped 
according to the number of missing values (1, 2, 3 or more, or all null values).  The 
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users can see the details of a metabolite by clicking on its name on the list or by 
clicking on a mark on the ratio plot. 
Error plots display the error bars for the metabolite abundance levels among 
the replicates as well (see Materials and Methods for details of statistical analysis). 
The error plot is linked to the ratio plot and can be opened in a separate window for 
comparison. 
Bar charts display metabolite abundance data across replicates under different 
experimental parameters.  Bar charts show the variability between replicates for a 
platform and experimental condition.  The bar chart can be generated by clicking on a 
metabolite name in the “Browse” functional area, by clicking a data point on the ratio 
plot or by clicking a metabolite name from the data summary list. 
Analysis of Altered Metabolites 
The types and numbers of affected metabolites varied widely for each mutant 
(Fig. 1).  Each analytical platform gave different and complementary patterns of 
metabolite changes across the mutants.  For example, the fatty acids platform 
detected the largest number of significant metabolite changes in the At2g42650 
mutant, whereas the cuticle wax platform revealed the biggest number of metabolite 
differences in At5g19070.  In addition, most of the mutants analyzed had 
significantly altered compounds from most of the platforms and differed in the 
platforms that gave the majority of the altered compounds.  These results indicate 
that the combination of the different analytic platforms provides substantially more 
information than the any single or even the sum of individual platforms.  
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The number of altered metabolites per mutant followed a positive skewed 
distribution (Supplemental Fig. 1).  For most of the mutants, between 10 and 50 
metabolites were significantly altered compared to wild type.  No mutants had more 
than 90 altered compounds (about 5% of the detected compounds).  Mutants with 
few changes suggest that a relatively small number of reactions and pathways are 
significantly perturbed, which is consistent with the observation that most of the 
profiled mutants do not have obvious visible phenotypes.  In contrast, mutants with a 
relatively large number of significantly changed metabolites (e.g. At5g15530 and 
At2g42560) imply that these genes affect more reactions and pathways in the 
metabolic network.  There are multiple ways for a single gene to affect a large 
number of metabolic pathways.  For example, the gene could be a hub in a 
metabolic network (i.e., metabolize compounds that are used by many reactions); it 
could be a regulator that can affect many enzymes at transcriptional, translational or 
post-translational levels; or, a change in a single gene function could result in large 
scale metabolic signaling.  
All mutants display both increased and decreased abundances of metabolites 
(Supplemental Fig. 2).  However, in11 of the 18 mutants more than 60% of the 
altered metabolite abundances change in one direction, either increased or 
decreased.  For example, the levels of 88% of the significantly altered metabolites in 
the mutant of At2g42560 are increased compared to wild type.  There is no clear 
correlation between the number of affected metabolites and increased versus 
decreased abundances.  The biological significance of such observed patterns of 
metabolite changes needs to be interpreted in the context of the metabolic network.  
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The ability of mapping compounds onto pathways is limited because over half of the 
detected compounds are as yet chemically undefined.  All of the mutants have both 
known and unknown compounds that are significantly altered, though the ratio of 
unknown and known compounds in each mutant varies (Supplemental Fig. 3).  
Environmental Impact Experiment 
 It is well known that the environment contributes to changes in metabolism, 
thus, an initial experiment was designed to qualitatively and quantitatively assess 
alterations in the metabolome caused by environmental perturbations.  In this 
experiment (referenced as the Environmental Impact Experiment “EIE2” in the 
database) seedlings of wild-type and a T-DNA knock-out line SALK_021108 
(carrying a mutant allele in the GUF, At1g52670) were exposed to light, temperature 
and stress stimuli well beyond the boundaries of our standard growth conditions 
(Table I).  Analysis of the metabolomics data obtained from this experiment (Fig. 2) 
indicates that each environmental perturbation affected the metabolome.  Moreover, 
as indicated by the clear separation of the wild-type samples from the mutant 
samples, irrespective of the environmental perturbation it is statistically possible to 
distinguish the mutant metabolome from that of the wild-type.  Based upon this 
example, we are confident that by maintaining the growth conditions within a narrow 
range of temperature (normally + 2 ºC), illumination intensity (normally + 10 µE/m2s) 
and by harvesting the plant tissues within a short timeline (<2 min), the observed 
changes in the metabolome will primarily reflect the consequence of genetic 
influence of the mutant alleles on the metabolome.   
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As shown in Figure 2, the environmental perturbations affected the 
metabolome of the Arabidopsis seedlings.  An example of a specific effect in the 
metabolome is illustrated by seedlings grown at different light intensities.  These 
samples contained significantly increased amounts of the sterol pathway 
intermediate cycloartenol.  Although it has previously been demonstrated that 
photoperiod length and light intensity have an impact on sterol levels (Bae and 
Mercer 1970; Grunwald 1978; Huang and Grunwald 1988), a systematic 
investigation of the light-dependent regulation of the sterol pathway has not yet been 
reported.  Based on these results, a follow-up experiment was performed to evaluate 
the utility of a metabolomics approach for generating testable hypotheses.  The 
hypothesis tested was that sterol biosynthesis is regulated by the intensity of the 
light source used in growth chamber experiments with Arabidopsis seedlings.  
Seedlings were grown in Petri dishes under continuous light intensities of 67, 81, 98, 
108, 141 or 163 µE m-2 s-1.  Aerial parts were harvested at 14 days after 
germination, and sterols were extracted and analyzed by GC-MS.  Interestingly, the 
amount of total sterols did not change significantly under the different light 
intensities.  However, several intermediates (cycloartenol, 24-methylenecycloartanol, 
and avenasterol) accumulated in a light intensity-dependent manner (Fig. 3B).  The 
shapes of these curves resemble those of inverse hyperbolic functions.  The 
amounts of the intermediate isofucosterol remained stable under different light 
intensities.  In contrast, it was observed that there was a gradual light intensity-
dependent decrease in the amounts of the major sterol end product, beta-sitosterol 
(Fig. 3A).  The amounts of other sterol end products (cholesterol, stigmasterol and 
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campesterol) did not change significantly.  These results have implications for both 
the metabolomics study design (light intensity for all experiments with wild-type and 
mutant seedling populations was carefully controlled) and for the light-dependent 
regulation of sterol biosynthesis, an exciting topic for further experimentation.   
Mutant Experiments 
Having established the parameters for conducting coordinated experiments in 
which environmental effects on the metabolome are minimized relative to genetic 
effects, a series of metabolomics studies were conducted on Arabidopsis stocks 
carrying T-DNA mutant alleles.  These experiments included genetic mutant stocks 
of genes of known function (GKF) and GUFs.  The T-DNA mutant lines were 
selected based on availability and expert knowledge about specific lines already 
established within the consortium.  Homozygous mutant lines were previously 
generated and prior experimental data concerning each of these mutants had been 
collected.  Two metabolomic experiments (referenced as the Mutant Experiment 1 
“ME1”, and Mutant Experiment 2 “ME2” in the database) were conducted 
(Supplemental Table 1). 
The collected data are reported and specific analysis of the data represents 
ratios of abundance normalized to the levels in the wild-type control extracts 
because each platform used a different chemical detector and each detector’s 
response is differential relative to the abundance of each metabolite.  Such 
treatment of the data enabled integration across all the platforms.  Figure 4 presents 
three representative ratio plots of data generated from three mutants.  In these plots, 
the order of the metabolites in each plot is identical on the y-axis, thus enabling 
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comparisons of metabolite patterns among the different mutants.  Such plots can be 
generated on the fly from any of the collected datasets with tools available in the 
PlantMetabolomics database. 
Large genotype-dependent changes in metabolite abundance can be readily 
identified and can potentially be mapped to biochemical pathways to provide a basis 
for formulating hypotheses on the function of the mutated gene (see discussion for 
the mutation in At4g29540).  Not all data can be utilized for pathway mapping and 
hypothesis generations, because approximately two-thirds of the metabolite 
abundances are of compounds whose chemical identification has not been 
established.  Therefore, to allow for the parallel analysis of all data sets, a distance 
matrix calculation is used to generate a statistical basis for comparing the 
metabolomes of each mutant, which provides a means of utilizing all the gathered 
data.   
Based on the measure of statistical distance in the metabolomes of the 
genetic stocks, the relationship among each gene analyzed in experiments ME1 and 
ME2 was visualized via hierarchical clustering (Fig. 5).  It is compelling that these 
data recapitulate knowledge concerning GKFs. For example, At5g15530 and 
At1g36180 are both involved in generating malonyl-CoA for fatty acid biosynthesis 
(Nikolau et al. 2003), and these two genes cluster closely.  Another such example is 
the At2g42560/At1g71890 clade.  Both of these genes are involved in biotin 
metabolism (the former in biotin storage (Job et al. 2001) and the latter in biotin 
transport (Ludwig et al. 2000).  Because At2g01170 (a GUF) is on the same clade as 
At1g09430, which is involved in cytosolic acetyl-CoA metabolism (Fatland et al. 
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2002), one could hypothesize that this GUF may also be involved in this metabolic 
function.  Similarly, because At5g47720, a gene putatively involved in the 
mevalonate pathway of isoprenoid biosynthesis (Lange and Ghassemian 2003), is 
on the same clade as the GUF At5g19070, one could hypothesize that this GUF 
may be involved in this biosynthetic process.  In the examples illustrated in Figure 4, 
the patterns of the ratio plots for the At4g29540 andAt1g34350 mutants were similar 
to each other, but quite distinct from the ratio plot of the At1g09430 mutant, a fact 
recapitulated by the hierarchical clustering, in which the former two mutants 
occurred on the same clade and distinct from the latter (Fig. 5).   
Validation of Hypothesis Generation 
To illustrate the power of knowledge about the chemical identities of the 
metabolites that are altered by a mutation, we discuss the hypotheses generated 
from the metabolomics analysis of the At4g29540 mutant.  This discussion also 
illustrates how integrating metabolomics data with other prior knowledge, provides a 
more substantive hypothesis concerning the functionality of a GUF, how subsequent 
involvement of the research community in interpreting the outcomes of these 
profiling studies can facilitate hypothesis generation and validation.   
At the start of this project, At4g29540 was annotated as a “bacterial 
transferase hexapeptide repeat-containing protein; similar to bacterial transferase 
hexapeptide repeat-containing protein” (TAIR, October 2008).  Dr. Chris Raetz 
(Duke University) pointed our attention to this gene, as it shares low sequence 
identity (28% AA sequence identity) with the E. coli lpxA gene that is involved in 
Lipid A biosynthesis (Raetz and Whitfield, 2002).  Lipid A is the glucosamine-based 
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phospholipid domain of the lipopolysaccharide that makes up the outer monolayer of 
the outer membrane of most gram-negative bacteria.  Although there have been 
scattered reports that Lipid A may occur in plants (Armstrong et al. 2006, Raetz and 
Whitfield 2002), it is generally believed that Lipid A is a molecule characteristic only 
of gram-negative bacteria.  A surprising outcome of the Arabidopsis genome project 
was the discovery that the Arabidopsis genome contained homologs of six Lipid A 
biosynthetic genes (lpxA, At4g29540; lpxB, At2g04560; lpxC, At1g25210; lpxD, 
At4g05210; lpxK, At3g20480; and kdtA, At5g03770).  To better understand the role 
of these Lipid A homologs in Arabidopsis, the At4g29540 mutant was profiled and 
characterized to gain insights to the putative function of this GUF.   
The statistical analysis of the metabolomics data placed At4g29540 on the 
same clade as At1g34350, another GUF, which does not provide a means for 
formulating a hypothesis concerning the function of either gene.  However, the 
At4g29540 mutant showed a subtle visible phenotype, particularly the failure to 
develop root hairs (Fig. 6).  Therefore, a focused metabolomics analysis was 
performed upon roots, applying the targeted platforms of lipidomics, fatty acids, 
amino acids and ceramides this analysis revealed major differences in the fatty acid 
and ceramide profiles of the mutant roots.  Specifically, there is an increase in the 
abundance of fatty acids with odd-numbered carbon atoms, and also a distinctive 
accumulation of ceramides that contain 2-hydroxy-fatty acids with odd-numbered 
carbon atoms (i.e., 19, 21, 23, 25 carbons) (Fig. 6) were.  These metabolomics data, 
combined with prior knowledge of the fact that At4g29540 can complement the lethal 
phenotype of the E. coli lpxA mutant, lead to the following hypotheses (illustrated in 
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Fig. 6): 1) At4g29540 catalyzes an acyl transferase reaction analogous to the LpxA 
reaction, as evidenced by the ability of At4g29540 to complement lpxA mutants; and 
2) the inability of At4g29540-mutants to form root hairs is due either to the inability to 
form the unknown acylated product of the At4g29540-catalyzed reaction, or it is due 
to the accumulation of the alternative products (odd-numbered fatty acids and 
ceramides) that hyper-accumulate in the At4g29540 mutant and inhibit root-hair 
formation.  
These are testable hypotheses that could not have been formulated in the 
absence of the metabolomics data generated by the consortium.  Thus, integrating 
metabolomics data with other biological data, leads to the formulation of a detailed 
hypotheses that can be further explored by the research community.  Similar 
analyses of the other Arabidopsis homologs of the Lipid A biosynthetic genes (i.e., 
At2g04560, At1g25210, At4g05210, At3g20480, and At5g03770) would further test 
whether these occur on a common biosynthetic pathway in Arabidopsis, as it does in 
bacteria.  If so, the expectation would be that the metabolomes of these latter 
mutants will mirror the metabolomic changes that we detected in the At4g29540 
mutant.  It should also be noted that such findings may also lead to the identification 
of the function of another GUF, At1g34350, as the metabolic effects of this mutation 
is similar to that observed in the At4g29540 mutant (see Fig. 4).    
General Discussion 
To the best of our knowledge, this Consortium has the ability to profile, 
differentiate, and identify the largest number of metabolites in plants relative to any 
other metabolomics group.  By combining the analytical capabilities of six 
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metabolomics labs, this Consortium has the ability to assess the accumulation of 
about 1700 metabolite peaks, and of these, 700 metabolites are accurately 
annotated relative to their chemical identity.  Analysis of the altered metabolites in 
each mutant illustrated that continuing the use of these diverse analytical platforms 
will ensure that important metabolic differences for a diversity of different GUFs are 
captured.  The analyses reveal that many Arabidopsis mutants without obvious 
visible phenotypes are affected in the accumulation of these novel metabolites.  
Ultimately, the biological context and information content resides in the chemical 
annotation of the metabolite peaks.  As illustrated with the example analysis of the 
At4g29540 mutant, chemical knowledge of the metabolites that are altered by a 
mutant can enable mapping the biochemical relationships and physiological 
responses of the mutant, and provide a means for formulating more constrained 
hypotheses relative to the functionality of GUFs.  In order to perform such metabolic 
mapping, it is necessary to chemically identify more of the non-annotated analytes.  
The public database (www.PlantMetabolomics.org) provides downloadable 
data to researchers in the community as a means of independently evaluating the 
data, and generating their own hypotheses, autonomous of the consortiums 
interpretation.  Also provided are tools for additional processing of the data that can 
aid interpretation by researchers, particularly those that are not familiar with 
metabolomics data.  Specifically, the online database can generate plots of 
metabolite ratios between any particular mutant and the appropriate wild-type 
controls.  Therefore hypotheses concerning the functionality of the GUFs can be 
constructed based on these statistical visualization outputs.  Additional resources 
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available in the database include metadata that details the protocols for metabolite 
extraction and analysis, metabolite annotation pages that link to other databases 
and search tools based on metabolite names and pathway annotations.  The 
database allows the research community to be involved in interpreting the outcomes 
of the metabolomics data generated by the consortium. 
MATERIALS AND METHODS 
Genetic Material   
Seed stocks of Arabidopsis thaliana mutants, in the ecotype Col-0 
background used in these studies were obtained from ABRC.  Unless otherwise 
noted, these stocks were propagated at Iowa State University, and stocks 
homozygous for the mutant allele were generated (Supplemental Table I).   
Plant Growth Conditions   
Standardized plant growth conditions were used throughout these studies to 
assess the effect of mutations on the metabolome of Arabidopsis.  Details of these 
growth conditions are provided in the Supplemental Material and the project web site 
(www.PlantMetabolomics.org).  In short, Arabidopsis seedlings were grown in Petri 
dishes on a defined, sterile growth medium.  This growth medium consisted of 
mineral salts supplemented with defined vitamin-mix and 0.1% (w/v) sucrose.  
Growth conditions (temperature, illumination and humidity) were strictly controlled, 
and were maintained within strict limits so as to minimize environmentally-induced 
alterations in metabolism.  Specifically, plants were grown for 17-days under 
constant illumination (50 + 10 µE m-2 s-1), constant temperature of 24 + 2ºC, at 100% 
relative humidity.  
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The exception to this standard growth regime was used in the Environmental 
Impact Experiment.  In this experiment, plants were transferred to a different 
environment (at different temperatures or illumination levels) during the last 24-hours 
of growth (i.e., 16-days after transfer to the standard growth-room) (Table I).  
Specifically, dishes were transferred from the standard growth condition to different 
environmental growth rooms, where the temperature was above (29 °C) or below 
(19 °C) the standard condition.  Alternately, the dishes were placed at different levels 
of illumination by moving either closer (higher light intensity of 84 µE m-2 s-1) or 
further away (lower light intensity of 22 µE m-2 s-1) from the light source while 
maintaining the temperature at the normal level. 
Harvesting Plant Materials for Metabolomics Analysis   
On the seventeenth day after transfer to the growth-room, aerial portions of 
plants were harvested and frozen immediately by immersion in liquid nitrogen, and 
stored -70 ºC. For two of the targeted metabolomics analyses platforms (cuticular 
waxes and lipidomics) metabolites were immediately extracted from the harvested 
tissue.  To minimize environmental perturbances during harvest, plates were 
harvested one at a time, and the entire harvest was conducted under the same 
illumination level as the growth conditions within a period of less than 45-seconds 
per dish.   
To assess the effect of delaying harvesting following opening the dishes (i.e., 
lowering the humidity level), plant tissues were harvested from dishes that were 
grown in the standard growth regime and were harvested following a 1-h and 3-h 
delay after the lids were removed from the dishes; in this experiment (Harvest Delay 
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in Table I), tissues were either quenched by immersion in liquid nitrogen and stored -
70 ºC or metabolites were extracted immediately for the cuticular waxes and 
lipidomics analytical platforms.  All harvested plant materials that were stored at –70 
ºC were shipped via overnight carriers to the different analytical laboratories while 
packaged in dry-ice. 
Metabolomics Analytical Platforms.   
Eleven different analytical platforms were utilized to assess the metabolome 
of the harvested tissues.  Four of these utilized non-targeted metabolomics analysis: 
GC-TOF (Analytical Platform 1), UPLC-Q-TOF (Analytical Platform 2), CE-MS 
(Analytical Platform 3) and LC-MS (Analytical Platform 4).  The remainder were 
metabolite profiling platforms that targeted analysis to specific classes of metabolites 
(Analytical Platforms 5-11). These were focused on identifiction of glycerolipids, fatty 
acids, amino acids, ceramides, cuticular waxes, phytosterols and tocopherols, and 
chlorophylls and carotenoids.  Details of the extraction protocols and analytical 
methods for each of these platforms are provided in the Supplemental Material and 
are also available at the project web site. 
Data Compilation and Dissemination 
The project data is stored in a web-based analysis system 
(www.PlantMetabolomics.org) that allows users to actively search, visualize, and 
download the data.  Known metabolites are annotated with their chemical formula, 
SMILES notation (Weininger, 1988), molecular weight, and links to other databases 
for further analysis.  Links to chemical, pathway, and genomic information from 
databases such as KEGG (www.genome.ad.jp/kegg/pathway.html), ARACYC 
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(www.arabidopsis.org/biocyc/index.jsp), MetNet Exchange 
(http://metnet.vrac.iastate.edu), and PubChem (http://pubchem.ncbi.nlm.nih.gov/) 
illuminate a metabolite’s role in a plant’s metabolic network.  PlantMetabolomics.org 
also allows data sharing for the 2010 project with collaborators and the community, 
and provides easy-to-use exploratory data analysis and visualization tools.  The 
database is based on minimal information of a metabolomic experiment, MIAMet 
(Bino et al. 2004) and general Architecture  for Metabolomic databases, ArMet 
(Jenkins et al. 2004) standards to capture complete  annotation of the experiment 
and includes metadata for the experiments along with the metabolite abundance 
data.  The portal also provides detailed protocols and tutorials on conducting plant 
metabolomics experiments to promote metabolomics in the community. 
Data visualization tools allow users to assess changes in the relative 
abundance of a single metabolite across different genetic and/or environmental 
factors as well as summarizing data for all metabolites for an experiment.  Bar charts 
display the metabolite abundance data across different mutation parameters.  Log-
ratio plots (similar to Fig. 4) show visual summaries of relative metabolite abundance 
ratios across a single experimental factor.  The ratio plots can be dynamically 
generated by selecting the factors to compare.  As a quality check of the data, a list 
describing the number of replicates with missing data is provided along with the log-
ratio plot. These clickable ratio plots link to the detailed information about a 
metabolite described above.  
Statistical Methods.   
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In general, 3 separate batches of plant material (biological replicates) were 
sent to each analytical laboratory.  Some labs had different preservation and 
extraction requirements, so different amounts of plant material were sent to each 
lab.  On a few occasions, there was sufficient material for the analysis of 4 biological 
replicates.  Analytical platform 1 generated data from 6 biological replicates.  Missing 
values caused by failed analyses were ignored in the statistical evaluation.  
Measurements below the detection limit, were replaced by 1/2 the estimated 
detection limit. 
For selected mutants, the log-ratio, log2 (mt / wt), was calculated for each 
metabolite; mt and wt are the average metabolite abundances in the mutant and 
wild-type, respectively.  The standard error of the log-ratio was calculated using a 
delta-method approximation, se log-ratio = ln 2 √ [ (semt/mt)2 + (sewt/wt)2 ], where 
semt and sewt are the standard errors of the average mutant and wild-type metabolite 
abundances.   
 Integrated analysis of data from all metabolomic platforms was based on 
averages over the biological replicates, because replicates represented different 
plant material for different platforms.  The dissimilarity between a pair of mutants 
was computed using a weighted Manhattan distance measure (Dixon et al. 2008).   
Dij = sumk  [ |Yki - Ykj | / √ (Yki2  + Ykj2) ] / K 
where Yki is the abundance of metabolite k in genotype I, and K is the total number 
of metabolites.  The term √ (Yki2  + Ykj2) estimates the standard deviation of the 
difference in abundance.  One property of this distance measure, useful for the 
analysis of metabolomic data, is its invariance to multiplicative rescaling of a 
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metabolite (Dixon et al. 2008).  That is, the contribution of metabolite k is the same 
no matter whether Yki is a peak area, a relative abundance, or an absolute 
concentration, so long as each quantity can be converted into another by multiplying 
by a constant, e.g., concentration = constant * abundance. 
Classical multidimensional scaling (MDS) was used to visualize the pairwise 
distance matrix in two dimensions.  Locations of metabolites were added to the MDS 
plot by computing a weighted average location for each metabolite, i.e., averaging 
the X and Y MDS locations of genes using the abundance of the metabolite in each 
gene as the weight.  Metabolites that are most abundant in a cluster of similar genes 
are plotted near those genes.  The metabolites with the largest influence on the 
pattern in the MDS plot are those plotted around the periphery of the MDS plot.  
Hierarchical clustering of genes based on the metabolomes of mutant strains was 
performed using the average linkage algorithm and SAS was used for data 
management.  The log-ratios and their s.e. were computed in EXCEL.  The distance 
matrix computation, MDS, and hierarchical clustering were performed in R. 
Log transformed concentrations were used to calculate Pearson’s correlation 
coefficient (r) between replicates.  Any replicate whose correlation coefficient was 
less than 0.7 with at least half of all other replicates was removed from further 
analysis.  Median values of the concentrations of all the detected metabolites in each 
replicate for each mutant line were averaged and the mean of the median values was 
used to scale the concentration levels of the compounds in the replicates.  Student’s 
T-test was performed to identify significantly altered metabolites in each of the mutant 
lines compared to wild-type.  To control the false discovery rate from multiple 
 34 
hypothesis testing, p-values from the T-tests were further adjusted by the Benjamini 
& Hochberg (Benamini and Hochberg, 1995) algorithm.  An adjusted p-value of less 
than 0.05 and fold change of either greater or less than 2 was the cutoff to define 
significantly altered metabolites. 
SUPPLEMENTAL MATERIALS 
Standard Plant Growth Conditions   
Standard plant growth conditions were used throughout these studies to 
assess the effect of mutations on the metabolome of Arabidopsis.  Specifically, 
Arabidopsis seeds were sown on sterile MS basal salt mixture (Sigma, St. Louis, 
MO), supplemented with 0.1% (w/v) sucrose and 1x liquid vitamin solution (Sigma, 
St. Louis, MO) in 100 x 100 x 15 mm square Petri dishes (Fisher Scientific).  Each 
dish contained 20-25 mL of media solidified with the inclusion of 1.5% (w/v) bacto 
agar (BD).  Seeds were arranged in a single horizontal line, 1 cm from the top of the 
dish and at a spacing of 0.5 cm, thus each dish contained between 18 and 20 seeds.  
Prior to sowing, seeds were surface sterilized at room temperature by consecutively 
treating them for 1 min with 300 µL of 50% (v/v) ethanol, 10 minutes with 300 µL of 
50% (v/v) bleach solution containing 1% (v/v) Tween 20 (Fisher BioReagents).  
Seeds were then washed with three changes of 300 µL sterile water.  Petri dishes 
were wrapped with Micropore tape (3M Health Care).  To break seed dormancy, 
dishes containing sown seeds were incubated for 4 days at 4 ºC under continuous 
low level of illumination (1 µE m-2 s-1).  On the morning (between 9 and 10 am) of the 
fifth day the dishes were moved to a near vertical position in Plexi-glass holders, in a 
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controlled environment growth room maintained under a 24-hour regimen of 
constant fluorescent illumination (50 µE m-2 s-1) and temperature of 23-25 ºC, both of 
which were monitored using HOBO Data Loggers (Onset; U12-12).  
Analytical Platforms 
Analytical Platform 1 (GC-TOF) was conducted by the Fiehn group at the UC 
Davis Genome Center.  Frozen plant material was pulverized using a Retsch Ball 
Mill in 2 ml round bottom Eppendorf tubes homogenized with a 3 mm i.d. steel ball at 
a rate of 25 Hz for 30 seconds.  The resultant powder was maintained in liquid 
nitrogen between homogenization and extraction.  Extraction solvent was 
isopropanol/acetonitrile/water (3:3:2, v/v/v), which was degassed prior to use by 
passing a gentle stream of nitrogen through the solvent for 5 min.  The solvent was 
cooled to -20 °C and 1 mL of cold solvent was used per 20 mg of ground tissue.  
The mixture was vortexed for 10 s and shaken at 4°C for 5 min to extract 
metabolites and simultaneously precipitate proteins.  After centrifugation at 12,800 g 
for 2 min, 90% of the supernatant was removed, taking care not to remove any 
residues from the pellet.  The supernatant was separated into two equal aliquots and 
concentrated to dryness in a vacuum concentrator at room temperature for 4 h.  In 
order to fractionate complex lipids and waxes, the residue was resuspended in 500 
µL 50% aqueous acetonitrile and centrifuged at 12,800 g for 2 min.  The supernatant 
was transferred to a 1.5 mL Eppendorf tube and concentrated to dryness in a 
vacuum concentrator.  Dried extracts were kept under nitrogen at -80°C before 
derivatization  
For GC-TOF analyses a mixture of internal retention index (RI) markers were 
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used; these were fatty acid methyl esters of C8, C9, C10, C12, C14, C16, C18, C20, 
C22, C24, C26, C28 and C30 linear chain length.  These were dissolved in 
chloroform at a concentration of 0.8 mg/mL (C8-C16) and 0.4 mg/mL (C18-C30); 2 
µl of this RI mixture were added to the dried extracts.  Derivatization to protect 
aldehyde and ketone groups was conducted by adding 10 µL of a solution of 20 
mg/ml of 98% pure methoxyamine hydrochloride (CAS No. 593-56-6, Sigma, 
St.Louis MO) in pyridine (silylation grade, Pierce, Rockford IL), and the mixture was 
shaken at 30°C for 90 min.  Acidic protons were protected with trimethylsilylation 
derivatization, by adding 90 µL of MSTFA, 1%TMCS (1 mL bottles, Pierce, Rockford 
IL) and reacting at 37°C for 30 min with shaking.  The reaction mixture was 
transferred to a 2 mL clear glass autosampler vial with microinsert (Agilent, Santa 
Clara CA) and sealed with a 11-mm T/S/T crimp cap (MicroLiter, Suwanee GA).  
The reaction mixture was injected immediately afterwards if a robotic 
derivatization system was used; however, this procedure required that drying of 
extract be carried out in inert plastic or glass material with septum caps.  If manual 
derivatization was carried out, chemical conversion of metabolites continued during 
waiting times on the instrument.   
The derivatized metabolite mixture was injected into an Agilent 6890 gas 
chromatograph (Santa Clara CA) using a multipurpose sample MPS2 dual rail and 
two derivatization stations, used in conjunction with a Gerstel CIS cold injection 
system (Gerstel, Muehlheim, Germany).  After every 10 samples, a fresh 
multibaffled liner was inserted (Gerstel #011711-010-00) with a Gerstel automatic 
liner exhange system controlled by the Maestro1 Gerstel software vs. 1.1.4.18. 
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Before and after each injection, the 10 µL injection syringe was washed three times 
with 10 µL ethyl acetate. 1 µL sample was filled from 39 mm vial at 1 µL/s fill speed, 
and 0.5 µL was injected at a rate of 10 µL/s.  The injector temperature was initially at 
50°C, and ramped by 12°C/s to final temperature of 250°C where it was held for 3 
minutes.  The injector was operated in splitless mode, opening the split vent after 25 
s.  The gas chromatograph was controlled by the Leco ChromaTOF software version 
2.32 (St. Joseph MI).  Chromatography was conducted with a 30 m long, 0.25 mm 
i.d. Rtx-5Sil MS column coated with 0.25 µm 95% dimethyl 5% diphenyl polysiloxane 
film, equipped with an additional 10 m integrated guard column (Restek, Bellefonte 
PA).  A constant flow of 99.9999% pure helium with built-in purifier (Airgas, Radnor 
PA) was set at 1 ml/min.  The oven temperature was held at 50°C for 1 min and then 
ramped at 20°C/min to 330°C, where it was maintained for 5 min.   
The eluate from the chromatograph was analyzed by mass spectrometry 
using a Leco Pegasus IV time of flight mass spectrometer, which was controlled by 
the Leco ChromaTOF software version 2.32 (St. Joseph, MI).  The transfer line 
temperature between gas chromatograph and mass spectrometer was set to 280°C.  
Electron impact ionization was at 70V with an ion source temperature of 250°C.  
After 290 s solvent delay, filament 1 was turned on and mass spectra were acquired 
at mass resolving power R=600 from m/z 85-500 at 20 spectra s-1 and 1550 V 
detector voltage without turning on the mass defect option.  Recording ended after 
1200 s.  The instrument performed auto-tuning for mass calibration using FC43 
(Perfluorotributylamine) before the start of an analysis sequence.   
 Mass spectroscopic data were acquired and stored as ChromaTOF- specific 
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*.peg files, as generic *.txt files and additionally as generic ANDIMS *.cdf files.  
ChromaTOF version. 2.32 software was used for data preprocessing without 
smoothing, 3 s peak width, baseline subtraction just above the noise level, and 
automatic mass spectral deconvolution and peak detection at signal/noise levels of 
10:1 throughout the chromatogram.  For each peak, the apex masses and the 
complete spectrum with absolute intensities were exported, along with retention 
time, peak purity, noise, signal/noise ratio, unique ion and unique ion signal/noise 
ratio.  Further metadata were also exported but are not yet used in the BinBase 
algorithm.  
To assure quality of data, daily quality controls were used.  These comprised 
two method blanks (involving all the reagents and equipment used to control for 
laboratory contamination), and four calibration curve samples spanning one order of 
dynamic range and consisting of 31 pure reference compounds.  Intervention limits 
were established to ensure the basic validation of the instrument for metabolite 
profiling. 
Resulting *.txt files were exported to a data server with absolute spectra 
intensities and further processed by the BinBase algorithm.  This algorithm used the 
following settings: validity of chromatogram (<10 peaks with intensity >10^7 counts 
s-1), unbiased RI marker detection (MS similarity>800, validity of intensity range for 
high m/z marker ions), RI calculation by 5th order polynomial regression.  Spectra 
were cut to 5% base peak abundance and matched to database entries from most to 
least abundant spectra using the following matching filters: RI window ±2,000 units 
(equivalent to about ±2 s retention time), validation of unique ions and apex masses 
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(unique ion must be included in apex masses and present at >3% of base peak 
abundance), mass spectrum similarity must fit criteria dependent on peak purity and 
signal/noise ratios and a final isomer filter (if two closely related isomer spectra were 
found, the spectra with the closer proximity of the database RI value was used and 
the alternative  isomer spectrum was re-assessed).  Failed spectra were 
automatically entered as new database entries if s/n >25, purity <1.0 and presence 
in the biological study design class was >80%.  All thresholds reflect settings for 
ChromaTOF vs. 2.32.  BinBase automatically recognizes data processed by 
ChromaTOF vs. 3.25 but spectra quality criteria thresholds are not yet validated.  
Quantification was reported as peak height from the absolute ion intensity 
using the unique ion as default quantification mass, unless a different quantification 
ion was manually set in the BinBase administration software Bellerophon.  A 
quantification report table was produced for all database entries that were positively 
detected in more than 80% of the samples of a study design class (as defined in the 
SetupX database).  This procedure results in 10-30% missing values, which could 
be caused by true negatives (compounds that were below detection limit in a specific 
sample) or false negatives (compounds that were present in a specific sample but 
that did not match quality criteria in the BinBase algorithm.  A subsequent post-
processing module was employed to automatically replace missing values from the 
*.cdf files using the open access mzmine software (Katajamaa et al. 2006) under the 
following parameters: for each positively detected spectrum, the average retention 
time was calculated and intensities of the quantification ions were subtracted by the 
lowest background intensity in a retention time region of ±5 s.  The resulting report 
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table did not comprise any missing values, but replaced values were labeled as ‘low 
confidence’ by color coding.   
Calculating the sum intensities of all structurally identified compounds for 
each sample, and subsequently dividing by the sum of all metabolites for that 
sample generated relative quantitative data for each metabolite.  For convenience, 
the resulting data were multiplied by a constant factor to obtain whole number 
values.  Intensities of identified metabolites with more than one peak (e.g. for the 
syn- and anti-forms of methoximated reducing sugars) were summed to provide only 
single value in the transformed data set.  The original non-transformed data set was 
retained.   
For this study, only two of the four possible MSI-categories of metabolite 
identifications were used, ‘identified compounds’ and ‘unknown compounds’.  Both 
categories were unambiguously assigned by the BinBase identifier numbers, using 
RI and mass spectrum as the two most important identification criteria.  Additional 
confidence criteria were given by mass spectral metadata, using the combination of 
unique ions, apex ions, peak purity and signal/noise ratios as given in data 
preprocessing.  Every database entry in BinBase is routinely matched against the 
Fiehn mass spectral library that had been generated using identical instrument 
parameters as given above.  Currently, the Fiehn library hosts 713 unique 
metabolites with a total of 1,197 unique spectra. BinBase entries were named 
manually by matching mass spectra and RI.  For named BinBase compounds, 
PubChem numbers and KEGG identifiers were added.  In addition, all reported 
compounds (identified and unknown metabolites) are reported by the quantification 
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ion and the full mass spectrum encoded as a text string.  
Analytical Platform 2 (UPLC-Q-TOF) was conducted by the Sumner group at 
the Samuel Roberts Noble Foundation.  Frozen plant material was lyophilized for 3 
days and then powdered by grinding with a mortar and pestle before extraction. 
Metabolites were extracted from the dried material in 1 dram glass vial with 80% 
methanol (200 µL extraction solvent per mg of dry weight) containing 18 µg/mL of 7-
hydroxycoumarin (common name = umbelliferone) as internal standard.  The extract 
was sonicated for 30 seconds, followed by a 2-hour incubation with gentle agitation 
at room temperature.  Samples were then centrifuged for 30 minutes at 2900 g, and 
the supernatant was transferred to LC/MS vial with a glass insert and analyzed by 
LC/MS.   
UPLC separation was performed on a Waters Acquity UPLC equipped with a 
BEH C18 column (1.7µm, 2.1 x 150 mm), using a linear elution gradient starting at 
95% solvent A (0.1% acetic acid) and 5% solvent B (acetonitrile) to 30% solvent A 
and 70% solvent B over a 30 min period, followed by a linear gradient to 5% solvent 
A and 95% solvent B in 3 min, and then held at 95% solvent B for 3 min, followed by 
re-equilibration to 95% solvent A, 5% solvent B for 3 minutes.  The elution gradient 
was at a flow rate of 0.56 mL min-1, and typically 5 µL of metabolite extracts were 
injected.    
The elution from the UPLC system was subjected to ESI-Qtof mass 
spectroscopy with a Qtof-Premier (Waters, Milford, MA) operated in the negative-ion 
mode.  Electrospray ionization was achieved at 2.9 kV using a desolvation gas of 
nitrogen, and a source temperature of 120 °C.  The Qtof-Premier was operated in a 
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lock spray mode for internal m/z calibration using raffinose as reference compound.  
To ensure the quality of the analyses, prior to analysis and after every 21 samples, a 
standard Arabidopsis seed extract, a standard Soyasapogenol B mixture, an internal 
standard, and a solvent blank were analyzed for quality control and confirmation of 
mass accuracy.   
Raw UPLC-QtofMS data were converted to cdf format. Multiple files from 
various Arabidopsis samples were deconvoluted using AMDIS.  The deconvoluted 
unique ions and retention times were compiled to generate a composite list of ion 
and retention times.  The composite list was manually curated to remove 
redundancy.  Putative identifications were then assigned to individual composite list 
components based upon accurate mass and/or relative retention times yielding a 
final composite.  This list was imported into MET-IDEA (Broeckling et al. 2005) and 
used to extract quantitative data (i.e., peak areas) for all the ion/retention time pairs 
in the composite list from each data file.  The data matrix was transposed, exported 
as a txt file, and imported into MS Excel.  More specifically, each metabolite peak 
area was divided by the internal standard (IS) peak area for each file.  No 
background subtraction nor other post acquisition processing was performed. 
Because a cumulative or composite ion/Rt list was generated from multiple 
Arabidopsis tissues and analysis files, every component is not expected to be 
observed in all files.  However, all cells will have empirical values.  Background 
signal was calculated by averaging the peak areas from the solvent blanks/washes. 
A S/N>3 threshold, or other set criteria is then applied to filter the data set and 
remove noise components and/or metabolite fields that do contain significant data.    
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Analytical Platform 3 (non-targeted CE-MS) was conducted by the Shulaev 
group at the Virginia Bioinformatics Institute.  Frozen trissue in 1.5 mL 
microcentrifuge tubes, with two 2.3 mm stainless steel balls added, was ground 2 
times with a Retsch mixer mill for 30 s each at 30 cycles/s.  Aliquots of 300 uL each 
of ice-cooled LC-MS grade methanol and ice-cooled water (with 50 µM methionine 
sulfone and 3-Fluoro-DL-phenylalanine as cationic internal standards and 50 µM of 
thiourea, DMSO, and mesityl oxide as neutral electroosmotic flow markers) were 
added to each sample.  Samples were ground again and centrifuged 10 min at 
14,000 rpm. Supernatant was decanted and spun with 10 kDa MW cut-off filters as 
before to remove protein and debris and to degass the sample.  Aliquots of 20 µL 
were transferred daily for analysis by CE-ESI-MS.  Samples were stored at -80°C. 
All CE-ESI-MS experiments were performed using a Beckman Coulter P/ACE 
MDQ capillary electrophoresis system with a Thermo Finnigan LCQ DECA XP plus 
mass spectrometer.  All system control, data acquisition, and data evaluation were 
performed with Xcalibur v1.3 software.  The CE-MS adapter kit was used to couple 
the CE system with the MS system equipped with an electrospray ionization (ESI) 
source.  
Separations were carried out on bare fused-silica capillaries with 75 µm i.d. X 
360 µm o.d. X 80 cm total length.  All solvents were degassed prior to use. The 
electrolyte for the CE separation (running buffer) was 1M solution of formic acid.  
Prior to first use, a new capillary was flushed with H2O (5 min), 0.1 N NaOH (5 min), 
and running buffer (10 min).  Before each injection, the capillary was preconditioned 
for 4 min by flushing with running buffer. Samples were pressure injected for 10s at 
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4psi.  The applied voltage for separation was set at 25 kV, and the capillary 
temperature was maintained at 20oC.  The syringe pump built in the DECA was used 
to deliver sheath liquid (5 µL/min 0.5% acetonitrile in 50% (V/V) methanol-water) to 
the interface between CE and MS to provide a stable electrical connection between 
the tip of the capillary and ground. ESI-MS was conducted in the positive ion mode 
with full scan from 50 to 206 m/z, and the capillary voltage was set at 4 kV.  A flow 
rate of heated dry nitrogen gas (heater temperature 180oC) was maintained at 10 
µL/min. 
Analytical Platform 4 (non-targeted LC-MS) was conducted by the Shulaev 
group at the Virginia Bioinformatics Institute.  Extracts used for CE-ESI-MS analysis 
(described in Analytical Platform 3), were also analyzed using hydrophilic interaction 
LC-MS/MS as previously described (Bajad et al. 2006).  LC-MS/MS was performed 
on LC-10ADvp chromatographic system (Shimadzu, Columbia, MD) coupled to 
mass spectrometer.  LC separation was performed on Phenomenex 250x2mm Luna 
5 um aminopropyl column (Phenomenex, Torrance, CA) using gradient elution with 
20 mM ammonium acetate + 20 mM ammonium hydroxide in 95:5 water:acetonitrile, 
pH 9.45 (Solvent A) and acetonitrile (Solvent B).  The gradient profile was as follows: 
t = 0, 75% B; t = 15 min, 0% B; t = 38 min, 0% B; t = 40 min, 85% B; t = 50 min, 85% 
B. LC conditions were as follows: autosampler temperature 4 °C, column 
temperature 15 °C, injection volume 20 μL, and solvent flow rate 250 μL/min.  Mass 
spectrometry analysis was performed on TSQ Quantum (Thermo Electron 
Corporation, San Jose, CA) triple quadrupole mass spectrometer.  Column effluent 
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was introduced into the electrospray ionization (ESI) ion source using fused silica 
capillary.  Mass spectrometer was operated in a single reaction-monitoring (SRM) 
mode.  Mass spectrometer conditions were as follows:  ESI spray voltage at 3200 V 
in positive mode and 3000 V in negative mode, nitrogen sheath gas at 30 psi, 
nitrogen auxillary gas at 10 psi, argon collision gas at 1.5 mTorr, ion transfer 
capillary temperature at 325OC.  Scan time was 0.1 s for each SRM with a scan 
width of 1 nm/z.  Metabolite concentrations were estimated relative to the 
concentration of the internal standard 4-flouro-3-nitrobenzoic acid spiked at 25 μM. 
Analytical Platform 5 (lipidomics) was conducted by the Welti group at the 
Kansas Lipidomics Research Center, Kansas State University.  Immediately upon 
harvesting, plant material was immersed in 3 ml preheated isopropanol containing 
0.01% BHT, and maintained at 75 ºC for 15 min.  Samples were stored at –20 ºC, 
and were shipped from Iowa State University to Kansas State University on dry ice, 
using overnight courier services.  To each sample, 1.5 ml chloroform and 0.6 ml 
water were added.  The tubes were shaken for 1 h, followed by removal of the 
extract.  The tissues were re-extracted with chloroform/methanol (2:1) with 0.01% 
BHT 4 additional times with at least 1 h agitation each time.  The remaining plant 
tissue was heated overnight at 105 ºC and weighed.  The weights of these dried, 
extracted tissues are designated the “dry weights” (actually dry weight minus lipid).  
The combined extracts were washed once with 1 ml 1 M KCl and once with 2 ml 
water.  The solvent was evaporated under nitrogen, and the lipid extract was 
dissolved in 1 ml chloroform. 
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An automated electrospray ionization-tandem mass spectrometry approach 
was used, and data acquisition and analysis and acyl group identification were 
carried out as described previously (Devaiah et al., 2006) with modifications.  The 
samples were dissolved in 1 ml chloroform.  An aliquot of 5 to 300 µl of extract in 
chloroform was used.  Precise amounts of internal standards, obtained and 
quantified as previously described (Welti et al. 2002), were added in the following 
quantities (with some small variation in amounts in different batches of internal 
standards): 0.66 nmol di14:0-PC, 0.66 nmol di24:1-PC,  0.66 nmol 13:0-lysoPC, 
0.66 nmol 19:0-lysoPC, 0.36 nmol di14:0-PE, 0.36 nmol di24:1-PE,  0.36 nmol 14:0-
lysoPE, 0.36 nmol 18:0-lysoPE, 0.36 nmol di14:0-PG, 0.36 nmol di24:1-PG,  0.36 
nmol 14:0-lysoPG, 0.36 nmol 18:0-lysoPG, 0.36 nmol di14:0-PA, 0.36 nmol 
di20:0(phytanoyl)-PA, 0.24 nmol di14:0-PS, 0.24 nmol di20:0(phytanoyl)-PS, 0.20 
nmol 16:0-18:0-PI,  0.16 nmol di18:0-PI, 2.01 nmol 16:0-18:0-MGDG, 0.39 nmol 
di18:0-MGDG, 0.49 nmol 16:0-18:0-DGDG, and 0.71 nmol di18:0-DGDG.  The 
sample and internal standard mixture was combined with solvents, such that the 
ratio of chloroform/methanol/300 mM ammonium acetate in water was 300/665/35, 
and the final volume was 1.4 ml.   
Unfractionated lipid extracts were introduced by continuous infusion into the 
ESI source on a triple quadrupole MS/MS (API 4000, Applied Biosystems, Foster 
City, CA).  Samples were introduced using an autosampler (LC Mini PAL, CTC 
Analytics AG, Zwingen, Switzerland) fitted with the required injection loop for the 
acquisition time and presented to the ESI needle at 30 µl/min.  
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Sequential precursor and neutral loss scans of the extracts produce a series 
of spectra with each spectrum revealing a set of lipid species containing a common 
head group fragment.  Lipid species were detected with the following scans: PC and 
lysoPC, [M + H]+ ions in positive ion mode with Precursor of 184.1 (Pre 184.1); PE 
and lysoPE, [M + H]+ ions in positive ion mode with Neutral Loss of 141.0 (NL 
141.0); PG, [M – H]- in negative mode with Pre 152.9 or [M + NH4]+ in positive ion 
mode with NL 189.0 for PG; lysoPG, [M – H]- in negative mode with Pre 152.9; PI, 
[M – H]- in negative mode with Pre 241.0 or [M + NH4]+ in positive ion mode with NL 
277.0; PS, [M – H]- in negative mode with NL 87.0 or [M + NH4]+ in positive ion 
mode with NL 185.0; PA, [M – H]- in negative mode with NL 152.9 or [M + NH4]+ in 
positive ion mode with NL 115.0; MGDG, [M + NH4]+ in positive ion mode with 
NL179.1;  and DGDG, [M + NH4]+ in positive ion mode with NL 341.1.  The scan 
speed was 50 or 100 u per sec.  The collision gas pressure was set at 2 (arbitrary 
units).  The collision energies, with nitrogen in the collision cell, were +28 V for PE, 
+40 V for PC, -58 V or +20 or +25  V for PI, -57 V or +20 or +25 V for PA and PG, -
34 V or +20 or +25 V for  PS, +21 V for MGDG, and +24 V for DGDG.  Declustering 
potentials were +100 V for PE and PC, -100 V or +100 V for PA and PG, PI, and PS, 
and +90 V for MGDG and DGDG.  Entrance potentials were +15 V for PE, +14 V for 
PC, -10 V or +14  V for PI, PA, PG, and PS, and +10 V for MGDG and DGDG.  Exit 
potentials were +11 V for PE, +14 V for PC, -15 V or +14 V for PI, -14 V or +14 V for 
PA and PG, -13 V or +14  V for PS, and +23 V for MGDG and DGDG.  The mass 
analyzers were adjusted to a resolution of 0.7 u full width at half height.  For each 
spectrum, 9 to 150 continuum scans were averaged in multiple channel analyzer 
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(MCA) mode.  The source temperature (heated nebulizer) was 100 °C, the interface 
heater was on, +5.5 kV or -4.5 kV were applied to the electrospray capillary, the 
curtain gas was set at 20 (arbitrary units), and the two ion source gases were set at 
45 (arbitrary units).  
The background of each spectrum was subtracted, the data were smoothed, 
and peak areas integrated using a custom script and Applied Biosystems Analyst 
software.  The lipids in each class were quantified in comparison to the two internal 
standards of that class.  The first and typically every 11th set of mass spectra were 
acquired on the internal standard mixture only.  Peaks corresponding to the target 
lipids in these spectra were identified and molar amounts calculated in comparison 
to the internal standards on the same lipid class.  To correct for chemical or 
instrumental noise in the samples, the molar amount of each lipid metabolite 
detected in the “internal standards only” spectra was subtracted from the molar 
amount of each metabolite calculated in each set of sample spectra.  The data from 
each “internal standards only” set of spectra was used to correct the data from the 
following 10 samples.  
Data in which < 0.002 nmol (< 2 pmol) of a lipid metabolite were detected 
were removed from the data set.  Finally, the data were corrected for the fraction of 
the sample analyzed and normalized to the sample “dry weights” to produce data in 
the units nmol/mg.  
Analytical Platform 6 (fatty acid profiling) was conducted by the Nikolau group 
at the W.M. Keck Metabolomics Research Laboratory, Iowa State University.  
Frozen plant material (approximately 50 mg) was homogenized with 0.5 mL 10% 
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(w/v) barium hydroxide and 0.55 mL 1,4 dioxane, containing 20 µg/mL nonadecanoic 
acid (Sigma Chemical Co., St. Louis, MO, USA) as an internal standard.  The 
mixture was incubated at 110 ºC for 24 hr.  After cooling to room temperature, the 
mixture was acidified using 6M aqueous HCl, and fatty acid analytes were recovered 
by extracting the aqueous phase with 4 mL n-hexane and vigorously shaking for 3 
minutes.  Following centrifugation (3,400 g for 5 min) to achieve phase separation, 
the hexane phase was transferred to a new tube and evaporated to dryness using a 
gentle stream of nitrogen.  The recovered fatty acids were derivatized by methylation 
with 2 mL HCl:MeOH (1:5.25 v/v) at 80ºC for 60 min.  After the mixture cooled to 
room temperature, 2 mL 0.9% (w/v) NaCl and 2 mL n-hexanes were added, the 
mixture was shaken vigorously for 3 min, and tubes were centrifuged as above.  The 
hexane phase was transferred to a 2 mL glass vial and evaporated to dryness using 
a gentle stream of nitrogen 500 µL Acetonitrile and 35 µL N,O-Bis(trimethyl-
silyl)trifluoroacetamide with 1% trimethylchlorosilane (BSTFA + TMCS) were added 
to the residue, the sample was shaken vigorously for 30 sec, and heated for 20 min 
at 60ºC.  Mixture was evaporated to dryness as above, 200 µL n-hexanes were used 
to dissolve residue and mixture was transferred to a 2 mL auto-sampler glass vial 
containing a 200 µL conical glass insert and evaporated to appropriate volume for 
GC-MS analysis. 
GC-MS analyses were performed on an Agilent 6890N GC coupled to an 
Agilent 5973 inert MSD detector.  Samples were loaded (injection volume 1 µL) with 
an Agilent 7683 G2613A auto-sampler onto a HP-5MS fused silica column (30 m x 
250 µm; 0.25 µm film thickness).  The initial temperature of the injector and MSD 
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interface were set at 275ºC and 280ºC, respectively.  Metabolites were separated at 
a flow rate of 1.2 mL/min using He as carrier gas, and using a thermal gradient that 
started at 80ºC (2 min), ramped first to 260ºC at 4ºC/min, held at this temperature for 
5 min, and then ramped to 320ºC at 5ºC/min.  Data were acquired using MSD 
Chemstation (D.00.01) from Agilent Technologies.  Metabolites were identified 
based on their mass fragmentation patterns by comparison with those of authentic 
standards using the NIST (National Institute of Standards and Technology) Mass 
Spectral Search Program (Version D.05.00).  Peaks that were not identified were 
given a unique identifier (Bino et al. 2004).  Peak areas were obtained from the Total 
Ion Chromatogram (TIC), raw data were exported to Microsoft Excel and peak areas 
were normalized to frozen tissue mass and the internal standard. 
Analytical Platform 7 (amino acid profiling) was conducted by the Nikolau 
group at the W.M. Keck Metabolomics Research Laboratory, Iowa State University.  
Plant material (25 mg) was homogenized with of 0.5 mL 10% (w/v) trichloroacetic 
acid, spiked with 5 nmol Norvaline as an internal standard.  Extracts were 
centrifuged (16,000 x g for 5 min) and the supernatants were transferred to a 2 mL 
glass vial.  Amine-containing analytes were derivatized with propyl chloroformate 
(Kugler et al. 2006) and analyzed by GC-FID (EZ:fast™ GC-FID kit; KGO-7165, 
Phenomenex, Torrance, CA, USA).  
GC-FID analyses were performed on an Agilent 6890 GC equipped with an 
Agilent 7863 G2613A autosampler and flame ionization detector controlled by MSD 
Chemstation (D.00.01) software.  Hydrogen and synthetic air were used as auxiliary 
gasses for the FID detector.  Analytes were separated at a flow rate of 1.2 mL/min 
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using He as carrier gas, and using a thermal gradient that started at 110ºC (1 min), 
and then ramped to 290ºC at a rate of 30ºC/min. Data were acquired MSD 
Chemstation (D.00.01) software.  Analytes were identified based on comparison of 
their retention time to standard mixtures.  Quantification was obtained by using the 
TIC response of the standard mixture, raw data were exported to Microsoft Excel 
and peak areas normalized to tissue mass and the internal standard. 
Analytical Platform 8 (ceramide profiling) was conducted by the Nikolau group 
at the W.M. Keck Metabolomics Research Laboratory, Iowa State University.  Plant 
material (approximately 50 mg) was extracted according to the protocol of (Sullards 
and Merrill 2001).  Tissue was homogenized with 0.5 mL phosphate buffer (PBS) 
and 0.5 mL methanol, spiked with 0.5 nmol N-Heptadecanoyl-D-erythro-Sphingosine 
(Avanti Polar Lipids Inc., Alabaster, AL, USA), and the mixture was incubated at 48 
ºC for 16 h.  After cooling to room temperature, 100 µL of 1 M KOH in methanol was 
added, the sample was shaken vigorously for 1 min, and incubated at 37 ºC for 2 h.  
Mixture was then neutralized with glacial acetic acid, and 1.5 mL chloroform and 2 
mL water were added, and the mixture was shaken vigorously for 1 min.  Following 
centrifugation (3,400 g, 10 min) to achieve phase separation, the lower organic layer 
was recovered and evaporated to dryness in a 2 mL glass vial using a gentle stream 
of nitrogen.  The recovered metabolites were dissolved in 500 µL acetonitrile, and 35 
µL of BSTFA + TMCS were added.  Following vigorous shaking for 30 sec, the 
samples were heated at 100 ºC for 2 h.  Mixture was evaporated to dryness using a 
gentle stream of nitrogen, dissolved in 200 µL chloroform and transferred to a 2 mL 
autosampler glass vial, fitted with a 200 µL conical glass insert.  Following 
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evaporation, the sample was dissolved in an appropriate volume of chloroform for 
GC-MS analysis. 
GC-MS analyses were performed on an Agilent 6890N GC coupled to an 
Agilent 5973 inert MSD detector. Samples (1 µL per injection) were loaded with an 
Agilent 7683 G2613A auto-sampler onto a HP-5MS fused silica column (30 m x 250 
µm; 0.25 µm film thickness).  The initial temperature of the injector and MSD 
interface were set at 310ºC and 260ºC, respectively.  Analytes were separated at a 
flow rate of 0.7 mL/min using He as carrier gas, using a thermal gradient that started 
at 70 ºC (2 min), and ramped first to 230ºC at 5 ºC/min, where it was held for 5 min, 
then to 270ºC at 5 ºC/min, where it was held for 5 min, and finally ramped to 320 ºC 
at 5ºC/min, where it was held for 15 min.  Data were acquired using MSD 
Chemstation (D.00.01) software. Ceramides were identified and analyzed by their 
characteristic mass-spectrum as described in (Raith et al. 2000).  Peak areas were 
obtained from the total ion chromatogram, raw data were exported to Microsoft Excel 
and peak areas were normalized to tissue mass and the internal standard. 
Analytical Platform 9 (cuticular wax profiling) was conducted by the Nikolau 
group at the W.M. Keck Metabolomics Research Laboratory.  Fresh plant material 
(approximately 100 mg) was weighed immediately following harvesting.  Prior to 
extraction 1 µg of hexadecane (Sigma Chemical Co., St. Louis, MO, USA) was 
applied directly to leaf tissue as an internal standard.  The plant material was 
completely immersed in HPLC-grade chloroform (Fisher Scientific C606-1) for 60 
seconds.  Upon removal of the plant material the chloroform was concentrated by 
evaporation and quantitatively transferred to a 1.5mL glass vial and dried under a 
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stream of nitrogen gas. Samples were derivatized in 0.5mL HPLC-Grade acetonitrile 
(Fisher Scientific A998-4) with 35µL BSTFA+TCMS (Sigma 15239) at 60ºC for 20 
minutes.  The derivatized sample is filtered with Iso-dis Filters (Supelco, Iso-dis 
filters PTFE 13mm•0.45µm Cat. #54131-U) and dried under nitrogen gas.  The dried 
sample was reconstituted in 200µL of HPLC-grade chloroform and subjected to GC-
MS as described previously (Dietrich et al. 2005) 
GC-MS analyses were performed on an Agilent 6890N GC coupled to an 
Agilent 5973 inert MSD detector.  Samples were loaded (injection volume 1 µL) with 
an Agilent 7683 G2613A auto-sampler onto a HP-5MS fused silica column (30 m x 
250 µm; 0.25 µm film thickness).  The initial temperature of the injector and MSD 
interface were set at 275ºC and 280ºC, respectively.  Metabolites were separated at 
a flow rate of 1.0 mL/min using He as carrier gas, and using a thermal gradient that 
started at 80ºC (2 min), ramped first to 260ºC at 4ºC/min, held at this temperature for 
10 min, and then ramped to 320ºC at 5ºC/min.  Data were acquired using MSD 
Chemstation (D.00.01) from Agilent Technologies.  Metabolites were identified 
based on their mass fragmentation patterns by comparison with those of authentic 
standards using the NIST (National Institute of Standards and Technology) Mass 
Spectral Search Program (Version D.05.00) and GLOSSY library (Fatland et al. 
2002). Peak areas were obtained from the Total Ion Chromatogram (TIC), raw data 
were exported to Microsoft Excel and peak areas were normalized to fresh tissue 
mass and the internal standard. 
Analytical Platform 10 (Targeted Phytosterol and Tocopherol Profiling; PS1 
protocol) was conducted by the Lange group at Washington State University.  Plant 
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material (approximately 100 mg) was homogenized (Ball Mill MM301, Retsch, Haan, 
Germany) in the presence of liquid nitrogen and analytes were extracted at 75ºC for 
60 min with 4 mL chloroform/methanol (2:1, vol:vol; containing 1.25 mg/L epi-
cholesterol as an internal standard).  Extracts were kept at room temperature for at 
least 1 h, solvents were evaporated to dryness (EZ2-Bio, GeneVac, Ipswich, UK), 
and the remaining residue was saponified at 90 ºC for 60 min in 2 mL 6 % (w/v) KOH 
in methanol.  Upon cooling to room temperature, 1 mL n-hexanes and 1 mL H2O 
were added, and the mixture was shaken vigorously for 20 sec.  Following 
centrifugation (3000 x g for 2 min) to separate the phases, the hexane phase was 
transferred to a 2 mL glass vial, and the aqueous phase was re-extracted with 1 mL 
n-hexanes as above, centrifuged as above, and the hexane phase added to the 2 
mL glass vial containing the hexane phase from the first extraction. The combined 
hexane phases were evaporated to dryness using a gentle stream of nitrogen, 50 µL 
of N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) were added to the residue, 
the sample was shaken vigorously for 20 sec, and the mixture transferred to a 2 mL 
autosampler glass vial with a 100 µL conical glass insert. After capping the vial, the 
reaction mixture was incubated at room temperature for at least 5 min. 
GC-MS analyses were performed on an Agilent 6890N GC coupled to an 
Agilent 5973 inert MSD detector.  Samples were loaded (injection volume 1 µL) with 
a LEAP CombiPAL onto a HP-5MS fused silica column (30 m x 250 µm; 0.25 µm 
film thickness).  The temperatures of the injector and MSD interface were both set to 
280ºC.  Analytes were separated at a flow rate of 1 mL/min using He as carrier gas 
and using a thermal gradient starting at 170ºC (1.5 min), which was ramped first to 
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280ºC at 37ºC/min and then to 300ºC at 1.5ºC, where it was held for 5.0 min.  
Eluents were fragmented in electron impact mode with an ionization voltage of 70 
eV. Data were acquired using MSD ChemStation (Revision D.01.02.SP1) software.  
Background was subtracted and peaks were deconvoluted using AMDIS (Automatic 
Mass Spectral Deconvolution and Identification Software).  Analytes were identified 
based on their mass fragmentation patterns by comparison with those of authentic 
standards using the NIST Mass Spectral Search Program (Version D.05.00).  Peak 
areas were obtained from the Total Ion Chromatogram (TIC) for all detectable peaks 
with a phytosterol mass fragmentation signature.  The quantification of tocopherols 
(note that only α-tocopherol accumulated to quantifiable levels in present set of 
samples) the Extracted Ion Chromatogram (EIC) at m/z 502 (detecting the 
trimethylsilyl derivative) was used.  Raw data were exported to Microsoft Excel and 
peak areas normalized to tissue mass and internal standard using Microsoft Access.  
To ensure low background signals a blank injection (followed by a shortened thermal 
gradient) was performed after each sample run.  Prior to sample analyses, and then 
after every 20 samples, a standard mix was run to evaluate the reproducibility of the 
analyses. 
Analytical Platform 11 (chlorophyll and carotenoid profiling; ISO1 protocol) 
was conducted by the Lange group at Washington State University.  Plant material 
(approximately 100 mg) was sequentially extracted with three aliquots of 2 mL 
chloroform/methanol (2:1; v/v), containing 2 mg/L ubiquinone-10 as an internal 
standard.  Each extraction included a 15-min incubation at room temperature, and 
the three organic extracts were combined in a glass vial wrapped with aluminum foil 
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to avoid light exposure.  The pooled organic phase was extracted with 1.5 mL 
solution of 1 M NaCl, 50 mM Tris-HCl (pH 7.5), and the vials were centrifuged (3,000 
g for 2 min) to achieve phase separation.  The (lower) organic phase was transferred 
to a new tube (kept in darkness) and the solvent was evaporated to dryness.  
Analytes were dissolved in 200 µL ethyl acetate, the mixture was filtered through a 
0.45 µm nylon syringe filter and was transferred to a brown 2 mL autosampler glass 
vial with a 100 µL conical glass insert.  
HPLC/DAD/MS analyses were performed using an Agilent Series 1100 HPLC 
system (including a G1315B diode array detector) coupled to an Agilent G2445D 
LC/MSD Trap SL mass spectrometer.  Samples were loaded (injection volume 20 
µL) onto a Prontosil C30 column (250 x 4.6 mm; 5 µm particle size; Bischoff 
Chromatography distributed via MAC-MOD Analytical, Chadds Ford, PA) equipped 
with a guard column of the same stationary phase material.  The mobile phase 
consisted of (A) methanol, (B) water/methanol (20:80; v:v) containing 0.2 % 
ammonium formate, and (C) tert-butyl methyl ether, and the following gradient was 
used at a flow rate of 1 mL/min (Fraser, Pinto, Holloway and Bramley 2000): 11 min 
of isocratic gradient of 95% A/5% B, a step change to 90% A/ 5% B/5 % C, a linear 
gradient (15 min) to 30% A/5% B/65% C, hold at this condition for 5 min, followed by 
a conditioning phase to return to the initial conditions. UV/VIS absorbance was 
monitored at 275, 287, 460 and 655 nm, and spectra were recorded from 250 to 750 
nm in 2 nm increments.  Analytes were identified and quantified by comparison of 
retention times and UV/VIS spectra with those of corresponding reference 
standards.  To ensure proper peak assignments, eluting analytes from random 
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samples were also ionized using atmospheric pressure chemical ionization and 
mass traces were acquired by single-ion monitoring in positive ion mode to detect 
the following mass ion transitions: m/z 864  680 (ubiquinone-10; internal 
standard), m/z 538  444 (alpha- and beta-carotene), m/z 569  551 (lutein), 894 
 615 (chlorophyll a), m/z 907  629 (chlorophyll b), m/z 872  593 (pheophytin 
a).  The probe voltage was set to 4.0 kV, the capillary voltage was at 2200 V, the 
gas temperature was 350 ºC, and the nebulizer gas flow was 9.0 L/min.  Raw data 
were exported to Microsoft Excel and peak areas normalized to tissue mass and 
internal standard using Microsoft Access.  To ensure low background signals a blank 
injection was performed after every 10 samples.  Prior to sample analyses, and then 
after every 20 samples, a standard mix was run to evaluate the reproducibility of the 
analyses. 
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Figure 1. Distribution of significantly altered metabolites among different 
mutations as detected by different analytical platforms. 
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Figure 2. Multi-dimensional scaling plot of Environmental Impact experiment. 
 
Multi-dimensional scaling plot of the data generated in the EIE2 experiment 
reveals a clear separation of wild-type samples (circles) from the mutant 
samples (squares) (Labels defined in Table I).  This indicates that the 
metabolomes of the wild-type samples and mutant samples can be 
differentiated even though environmental growth conditions were perturbed 
beyond the normal limits of the standard growth conditions defined in the 
Materials and Methods.  Overlaying the most influential metabolites is seen 
through numbers 1-30; see Supplemental Table 2 for identification of these 
metabolites. 
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Figure 3.  Light dependent modulation of sterol profiles in Arabidopsis.  
 
Arabidopsis seedlings were exposed to different levels of illumination (67, 81, 
108, 141 or 163 µE m-2s-1).  The scales on the y-axes correspond to 
metabolite concentrations; however, absolute quantification was not 
performed, and thus no unit of concentration is given. 
(A) Relative amounts of sterol pathway end products (, beta-sitosterol; , 
campesterol; , cholesterol; , stigmasterol). 
(B) Relative amounts of sterol pathway intermediates (, isofucosterol; , 
avenasterol; , cycloartenol; , 24-methylenecycloartanol).   
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Figure 4.  Three representative log-ratio plots. 
The y-axis plots individual metabolites and their order is identical for all plots.  
The x-axis plots log-transformed relative ratio of abundance of each metabolite 
in a specific mutant sample normalized to the levels of the metabolites in the 
wild-type control extracts.  The calculation of standard error is described in the 
Material and Methods. 
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Figure 5.  Hierarchical clustering of genes from experiments ME1 (A) and 
ME2 (B). 
 
These genes are classigied as GUFs (At4g29450, At2g01170, At1g03260, 
At1g34350 and At5g19070; marked by the symbol ), GUFs with ambiguous 
annotations of function (At5g51420, At3g56130, At1g71890, At1g52670, X, Y 
and Z marked by the symbol, ), and GKFs (At1g10670, At1g09430, 
At5g15520, At5g47720, At2g42560, and At1g36180; marked by the symbol, 
). Labels X, Y and Z denote the double mutants At4g36830/At1g75000, 
At3g06470/At1g75000 and triple mutant At3g06470/At4g36830/At1g75000 
respectively. Wild-type samples are shown as Wt-a and Wt-b, with a and b 
representing independently collected wild-type tissue collected in each 
experiment. 
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Figure 6.  Schematic representation of At4g29450 functionality based on 
metabolomics data. 
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Supplemental Figure 1.  The distribution of mutants according to the number of 
significantly altered metabolites numbers. 
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Supplemental Figure 2.  Number of metabolites that show increased and 
decreased abundance in each of the mutants from experiments ME1 and ME2. 
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Supplemental Figure 3.  The number of chemically defined (black) and 
unknown (white) metabolites in each of the mutant profiled in ME1 and 
ME2. 
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Table 1. Growth conditions for Environmental Impact Experiment and Mutant 
Experiments 
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Supplemental Table 1. Arabidopsis mutant stocks used in experiments EIE2, 
ME1 and ME2. 
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 Supplemental Table 2. Metabolites overlayed on MDS plor of 
Environmental Impact Experiment (Fig. 1).  Naming of unknown metabolites 
is based on Bino et al. 2004. 
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CHAPTER 3. PLANTMETEBOLOMICS.ORG: A WEB PORTAL FOR PLANT 
METBOLOMICS EXPERIMENTS 
A manuscript to be submitted to the journal Plant Physiology 
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ABSTRACT 
PlantMetabolomics.org (PM) is a web portal and database for exploring, 
visualizing and downloading plant metabolomics data.  Widespread public access to 
well-annotated metabolomics datasets is essential for establishing metabolomics as 
a functional genomics tool.  PM integrates metabolomics data generated using 
different analytical platforms from multiple laboratories along with the key 
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visualization tools such as ratio and error plots.  Visualization tools can quickly show 
how one condition compares to another and which analytical platforms showed the 
most changes.  The database is based on the evolving Metabolomics Standards 
Initiative, (MSI), to capture complete annotation of the experiment metadata along 
with the metabolite abundance data.  This database can be used as a platform for 
deriving hypotheses by enabling comparisons of the Arabidopsis metabolome under 
different environmental conditions and different genetic populations.  Each 
metabolite is linked to relevant experimental data and information from various 
annotation databases.  The portal also provides detailed protocols and tutorials on 
conducting plant metabolomics experiments to promote metabolomics in the 
community.  PM currently houses Arabidopsis metabolomics data generated by a 
consortium of laboratories utilizing metabolomics to elucidate functions of genes of 
unknown function.  This database is publicly available at 
http://www.plantmetabolomics.org.  
INTRODUCTION 
In the post genomics era, metabolomics is fast emerging as a vital source of 
information to aid in solving systems biology puzzles.  Metabolomics is the science 
of measuring the pool sizes of metabolites (small molecules of molecular weight 
<1,000), which collectively define the metabolome of a biological sample (Fiehn et 
al., 2000; Hall et al., 2002).  Coverage of the entire plant metabolome is a daunting 
task as it is estimated that there are over 200,000 different metabolites within the 
plant kingdom (Weckwerth and Fiehn, 2002).  Although there have been many 
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recent technological advances in the metabolomics field, there are still large gaps in 
our knowledge of the plant metabolome.   
Despite the lack of complete knowledge and the immense metabolic diversity 
of plants, metabolomics has been quickly embraced by the plant community (Hall et 
al., 2002).  This has lead to the development of multiple experimental and analytical 
platforms that collectively generate millions of metabolite data points.  Development 
of public databases to capture information from metabolomics experiments is vital to 
provide the scientific community with comprehensive knowledge about metabolite 
data generation, annotation and integration into other systems biology approaches. 
Some examples of these public databases are given below.  The Human 
Metabolome Project contains comprehensive data for more than 2000 metabolites 
found within the human body (Wishart et al., 2007).  The Golm Database is a 
repository that provides access to MS libraries, metabolite profiling experiments, and 
related information from GC-MS (gas chromatography-mass spectrometry) 
experimental platforms, along with tools to integrate this information with other 
systems biology knowledge (Kopka et al., 2005).  SetupX and Binbase provide a 
framework that combines mass spectrometry data and biological metadata for 
steering laboratory work flows and employs automated metabolite annotation 
(Scholz and Fiehn, 2007).  
Standards for the annotation of of metabolomics experiments are still under 
active development and are based on the recommendations of the Metabolomics 
Standards Initiative (MSI) (Fiehn, 2007, 2007; Sumner, 2007).  This database is 
based on minimal information for a metabolomic experiment, MIAMet (Bino et al., 
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2004) standards and the general Architecture for Metabolomic databases, ArMet 
(Jenkins et al., 2004).  MSI attempts to capture the complete annotation of 
metabolomics experiments and includes metadata of the experiments along with the 
metabolite abundance data. 
A single analytical technique cannot identify and quantify all the metabolites 
found in plants.  Thus, Plantmetabolomics.org (PM) was developed to provide a 
portal for publicly-available mass spectrometry (MS) based plant metabolomics 
experimental results from multiple analytical and separation techniques.  PM also 
follows the emerging metabolomics standards for experiment annotation.  PM has 
extensive annotation links between the identified metabolites and metabolic 
pathways in AraCyc (Mueller et al., 2003) at The Arabidopsis Information Resource 
(TAIR; (Rhee et al., 2003), the Kyoto Encyclopedia of Genes and Genomes, (KEGG; 
(Goto et al., 2000), and MetNetDB (Wurtele et al., 2007). 
DEVELOPMENT OF PLANTMETBOLOMICS.ORG 
Rationale 
The rationale for the development of PM as an information portal is to provide 
free access to experimental data along with easy access to related genetic, chemical 
and pathway information.  This portal also serves as an information resource for the 
field of metabolomics by providing tutorials on how to conduct metabolomics 
experiments, by describing minimum reporting standards (Fiehn, 2007, 2007; 
Sumner, 2007) for plant metabolomics experiments based on the recommendations 
of the Metabolomics Standards Initiative (MSI).  A schematic overview of PM 
information concerning the experimental design and tools that can be used to 
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analyze the data collected can be seen in Figure 1.  To our knowledge, PM is the 
only plant metabolomics database that contains data from Arabidopsis 
metabolomics experiments that utilize multiple analytical detectors combined with 
different separation technologies (e.g., GC-MS, gas chromatography-time-of-flight 
mass spectrometry (GC-TOF-MS), capillary electrophoresis-mass spectrometry (CE-
MS), ultra high pressure liquid chromatography coupled to a hybrid quadrupole time-
of-flight mass spectrometer (UPLC-Q-TOF-MS) and liquid chromatography-mass 
spectrometry (LC-MS)).  The statistical analysis and visualization tools are easy to 
use and aid non-statisticians in the analysis of the effects of different environmental 
condtions and gene kock-outs.  The information collected within PM can be used to 
begin the formulating hypotheses about the roles of genes of unknown function in 
Arabidopsis.  The data (both biological and metabolite) contained within PM and the 
tools available to the scientific community will be detailed in this paper. 
Design Requirements and Functionality 
The main design goal for PM was to allow users to explore data sets and put 
them in biological context.  This requires the integration of relative metabolite 
abundance along with the metadata of the experimental conditions including growth, 
harvest and storage conditions of sample tissue, sample extraction, and instrument 
parameters.  Emphasis was placed on ensuring ease of use and providing additional 
information about each identified metabolites by linking to other data sources such 
as AraCyc, KEGG, and Pubchem.  Figure 1 depicts the interactions between these 
design requirements. 
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The Metabolomics Standards Initiative (MSI) specifies the minimum amount 
of metadata of the metabolomics experiments be reported so that experiments can 
be replicated and results can be verified.  This minimum data includes biological 
study design, sample preparation, data acquisition, data processing, data analysis 
procedures.  This portal is working towards fulfilling the outlined recommendations 
by the MSI.  Data contributors are required to use the standard data submission 
spreadsheets to submit metabolomics data.  These sheets follow ArMet and MIAMet 
specifications to capture the metadata of the experiment.  PM also includes 
educational video tutorials to aid metabolomics researchers in quality control.   
PLANTMETABOLOMICS.ORG CONTENT  
Plantmetabolomics in its current state houses the metabolite data generated 
from plant metabolomics experiments performed during a pilot Metabolomics project 
under the Arabidopsis 2010 program funded by NSF.  A consortium of metabolomics 
and metabolite profiling laboratories, and a partnership with biochemists, 
biostatisticians and bioinformaticists generated the metabolomics data to formulate 
initial hypotheses about Arabidopsis genes of unknown function.  The consortium 
employed a strategy of generating Arabidopsis material at a single location followed 
by distribution to all analytical laboratories.  Different extraction processes and 
analytical techniques were used among the laboratories; ultimately providing 
analysis of roughly 1700 metabolites, 900 of which are chemically defined.  The 
metabolite data, along with the metadata, as generated by this consortium, are 
stored in the PM database.  
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Experiment Annotation   
The pipelines used by the analytical laboratories in this consortium are 
captured through metadata for distribution via the database.  Each step of the 
process requires the collection of information to provide users with an understanding 
of collection, distribution and extraction of sample material, along with the 
instrumentation setup and data processing (Fig. 2).  Experimental metadata provides 
information about the growth and harvesting regimen, including the temperature, 
illumination, duration of growth, humidity and storage parameters, used to produce 
the Arabidopsis tissue samples for analysis.  This metadata also includes 
information that pertains to the genetic background of samples.   
The analytical metadata was collected in three sections: extraction, 
chromatography, and mass spectrometry metadata.  Each section includes details 
about the tissue sample extraction process and the instrumentation models, settings 
and parameters used for the chromatogram and spectrometer for each the analytical 
platform.  
 Each laboratory individually processes the metabolomics data obtained from 
the specific platform used.  Metabolite identification is based on standard procedures 
set by each individual laboratory that utilize a combination of techniques including 
comparisons of retention time, retention index and mass fragmentation patterns 
some of which can be compared to those of authentic standard compounds included 
in both private and public mass spectrometry libraries. Metabolite peaks that cannot 
be chemically annotated are given a unique identifier (Bino et al., 2004).  The raw 
data is processed and normalized based on each laboratory’s instrument detection 
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limit and analytical procedure.  Specific processing procedures for each platform are 
available on the database using the protocols tool.  The processed and normalized 
data from each laboratory is collected and organized for each experiment and 
loaded into the database for public use online and download. 
Design of Experiments 
The plant metabolome responds to both the environmental (E) and genetic 
(G) factors during plant material growth.  Environmental parameters are referenced 
by temperature, light intensity, growing medium, humidity and all other abiotic and 
biotic factors that effect plant growth and development, whereas genetic parameters 
are given by the effects that different genetic backgrounds have on plant growth and 
development.  The design of experiments conducted by the above consortium took 
both the genetic and environmental parameters into consideration.  Genetic 
parameters were manipulated by using Arabidopsis stocks that contained T-DNA 
insertions in either a gene of known function (GKF) or gene of unknown function 
(GUF) obtained from the Arabidopsis Biological Resource Center (ABRC; Columbus, 
OH).  The stocks were selected based initially on availability and current knowledge 
and later on gene predictions from sequence analysis and association networks.  All 
mutant stocks were visibly screened for phenotypes that resembled wild-type 
seedlings.  Pictures of each mutant line at 17 days after sowing are available within 
PM.   
PM contains metabolomics data from two types of experimental designs that 
varied the G*E interactions (Table 1).  The first setup used a combination of G*E 
variations, where the genetic parameter was comprised of two different genotypes 
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(wild-type and one mutant stock) and the environmental parameter was changed in 
a single abiotic or biotic manner.  The experiments that fall into this first category are 
the EIE2, Elo1 Induction and FatB Induction experiments (as labeled in PM).  These 
experiments provide information on the overall effect that both the environment and 
genetic parameters have on the metabolome of Arabidopsis seedlings.  The second 
setup, which encompasses a large percentage of the data, varied only the genetic 
parameter and kept the environmental parameter constant.  Five experiments 
(labeled Mutant Experiment #1-5) were conducted so that the environmental 
temperature, light illumination and exposure to lower humidity prior to harvest were 
held constant during the growth period and across all experiments.  Each 
experiment contained wild-type samples along with 8-15 samples representing 
Arabidopsis stocks carrying T-DNA mutant alleles.  Holding the environment 
constant and varying the genetic parameter provides metabolomic data that is a 
consequence of the genetic change and can therefore provide information about the 
consequence of mutating a specific gene within each stock. 
Experiment Data 
Metabolite abundance data from various experiments can be downloaded 
along with the metadata for each experiment contained in PM.  There are three 
options for downloading metabolite abundance data.  The first option allows the 
users to download data from specific experiments and/or analytical platforms. 
Individual experiments and analytical platforms can be selected from a list of 
available experiments so the users may focus on a specific platform or experiment.  
The downloaded file contains results compiled in a single comma separated format.  
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The second option allows users to download the compiled Excel workbooks 
containing a single sheet for each analytical platform in individual experiments.  This 
option provides the data in an easy to use format that can be manipulated by the 
user for their own analyses.  The third option provides partially processed data.  This 
download includes the normalized metabolite abundance data, scatterplots, and 
correlation coefficients between biological replicate data, outlier summaries, 
significantly altered compounds (selected based on a false discovery rate (FDR) 
adjusted t-test p-value (<0.05)) and MvA-plots which show significantly altered 
compounds by displaying the log intensity ratio vs. the mean log intensity across 
replicates.  
Tutorials 
The database contains tutorial information about the methodologies for the 
metabolomics studies developed by the consortium.  These methodologies reflect 
metabolomics’ utility in functional genomics and the current state of the technology.  
Metabolomicsis not yet a widely utilized technology, and it is thus important to train 
researchers in the methodologies, technologies, and standards in metabolite 
profiling in order to ensure laboratory-to-laboratory reproducibility and facilitate 
metabolite analyses across multiple experiments. 
The database includes three video tutorials providing insight into the methods 
used for tissue harvesting and distribution.  The experimental metadata describes in 
detail the process used for harvesting tissue material and “Tissue Harvest” video 
tutorial provides a visual of this process.  This tutorial details the process used to 
open Petri dishes containing sample material, collection of the tissue and immediate 
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metabolism quenching in liquid nitrogen.  This process is completed within <2 
minutes as seen by the elapsed time on a timer.  Each laboratory requires specific 
amounts of tissue for each analytical platform.  Collected samples must be weighed 
and sorted for shipment to the analytical laboratories.  The two video tutorials 
“Sample weighing and Sorting of tissue samples” and “Sample Weighing (Closer 
View)” provide a visualization of this process.  The three video tutorials provide an 
experimentalist with another tool to understand and repeat the process used to 
generate tissue samples used for these metabolomics experiments. 
The web portal also provides tutorials on how to browse, download and visualize 
the available data.  The step-by-step instructions make it easy to use the tools 
provided in the portal.  These tutorials are provided as help buttons on all the main 
function pages as well as under the main “Tutorials” menu option.  These tutorials 
are provided with many examples and screen shots of resulting pages so a user 
knows what to expect when they select each option.  For example, tutorials available 
at the browse and search area provide instructions on different ways to browse the 
metabolite abundance data and the metadata contained in the portal.  Tutorials for 
using the “Data Overview” tools are also available and provide information on 
generating log-ratio plots of metabolite abundance ratios and instructions on how to 
look for the detailed information about individual metabolites. 
Data Analysis and Visualization  
The data analysis and visualization tools allow an analysis of data quality and 
hypothesis generation with dynamic graphs, which can be automatically generated 
with easy to use graphical user interfaces (GUI). 
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The users can compare metabolite levels under different experimental 
conditions by generating dynamic ratio plots of the metabolites.  The “Data 
Overview” menu option provides the necessary functionality to visualize the data.  
This tool provides the names of all the experiments along with access to the 
metadata of the experiment.  The users can expand each experiment and choose 
any two experimental factors to compare from the two drop down lists.  They can 
also select specific analytical platforms.  The resulting ratio plot shows the 
abundance data where each metabolite is depicted by a clickable mark on the ratio 
plot (Fig. 3).  The x-axis shows the logarithm (base 2) ratio of the relative abundance 
of each metabolite between the mutant and wild type samples selected (see 
Materials and Methods).  The metabolites that have a relatively low fold change 
between the two factors are close to the central vertical y-axis and the metabolites 
that have a relatively high fold change are far away from the central vertical y-axis.  
The metabolites with one or more replicates with missing values are shown with 
different colored marks for a quick visualization of data quality.  
A summary of the metabolite abundance data is generated along with the 
ratio plot.  This summary contains clickable metabolite names of the metabolites that 
are grouped according to the number of missing values (1, 2, 3 or more, or all null 
values).  The users can see the details of a metabolite by clicking on its name on the 
list or by clicking on a mark on the ratio plot. 
The users can also view an error plot, which shows the change in the 
metabolite abundance level among the replicates.  This helps the users to identify if 
the significant change in the metabolite abundance is similar in replicate samples. 
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The link to the error plot is available near the ratio plot and can be opened in a 
separate window to compare against the ratio plot. 
The metabolite abundance data can also be visualized in a bar chart (Fig. 4) 
where metabolite abundance under different experimental parameters is shown for 
each replicate.  This bar graph can be generated by clicking on a metabolite name 
from the “Browse” functional area, by clicking a data point on the ratio plot or by 
clicking a metabolite name from the data summary list.  The metabolite details page 
also provides links to other databases to provide users with more details about the 
metabolites.  These links include metabolic pathway information from Aracyc, KEGG 
and MetNetDB and compound information from PubChem.  The names of all the 
pathways that contain a metabolite are shown on the metabolite annotation details 
page.  Pathway names are clickable and show experimental data for all the other 
metabolites that participate in that pathway in a given experiment. 
Query Capabilities 
The database can be searched by metabolite or pathway names.  This 
feature helps an investigator search for a particular metabolite across different 
experimental conditions.  Once the metabolite is located in an experiment, the 
investigator can identify the pathways that this metabolite participates in.  Finally, 
using the pathway search option all other metabolites that are contained in the 
databse and are part of the same pathway can be identified.  The portal contains a 
local copy of the AraCyc synonyms for metabolites along with the web links to 
AraCyc.  This helps in searching for metabolites by either the names by which they 
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are stored in the PM database or any of the synonyms, which are resolved by 
AraCyc. The local copy is updated every 4 months. 
APPLICATIONS OF PLANTMETBOLMICS.ORG 
Case study: Visualizing the difference in metabolite abundance ratios 
between a mutant (SALK_021108) and wild-type 
Scenario: An investigator is interested how the metabolome changes when 
comparing a mutant sample and wild-type sample.  Specifically, the investigator 
wants to know which metabolites show a significant change and which biochemical 
pathways these metabolites are involved in.  The investigator is also interested in 
obtaining detailed information about specific metabolites from other web sources, 
other metabolites in the relevant biological pathways, and all the metadata 
associated with the selected mutant sample.  
For example, the investigator is interested in the metabolome changes for 
mutant SALK_021108, which has a T-DNA mutation in the Arabidopsis gene 
At1g52670 compared to wild-type samples WtCol02 contained within Experiment 
Mutant Experiment #2 (ME#2).  Below is a detailed description of a possible analysis 
path, but all analyses do not need to be done in this order.  Help icons are located 
throughout the database to aid users in understanding the tools available in PM.   
1. In the main web page, www.plantmetabolomics.org, the investigator first clicks on 
the “Data Overview” menu option followed by “Plot Metabolite Ratio” on the 
resulting page.  
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2. To generate a ratio plot data must be selected from individual experiments, for 
this example clicking on the drop down box by the experiment name “Mutant 
Experiment #2” will allow the investigator to select the control (WtCol02) and the 
mutant (SALK_021108).  As the default, all metabolite profiling platforms for this 
experiment are selected, but the investigator can specifically chose platforms to 
exclude.  By clicking submit, the ratio plot is generated.  Before submitting, the 
investigator can view the metadata for the specific experiment by clicking on the 
experiment name.  
3. The generated ratio plot (Fig. 3) contains all metabolites analyzed within the 
selected platforms (in this case all platforms performed in ME#2).  Metabolite 
names appear by moving the cursor over the plotted points.  Contained within 
this page is a summary of the data quality.  Missing or below detection limit 
values are depicted by different colored marks within the plot.  Each point on the 
plot may be clicked to advance the investigator to the metabolite details page 
(Fig. 4).  For this example, the investigator clicks on the metabolite Methionine, 
which is at the 1600 point on the y-axis and has more than 3 fold change 
between the samples SALK_021108 and WtCol02.  
4. The investigator is advanced to the metabolite detail page for Methionine (Fig. 4).  
This page contains information about the molecular weight, chemical formula, 
CAS registry number, SMILES (Simplified Molecular Input Line Entry System) 
notation and pathway information for this specific metabolite.  The page also 
provides links to other databases including AraCyc and the LIGAND database 
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from KEGG.  The bar chart at the bottom of this page graphs the abundance 
level of methionine for each replicate of all the samples profiled in ME#2. 
5. From the pathway information for methionine found on metabolite detail page, 
the investigator is interested in searching for other profiled metabolites involved 
in “Methionine Biosynthesis”.  The resulting page shows all the other metabolites 
in the PM database that belong to the given pathway.  
6. The investigator can then explore other metabolites in the similar way by 
repeating steps 1-6.  The metabolite abundance information can be downloaded 
by clicking the “Download” link on the top of the results or by clicking the 
“Download” menu option on the main page.  
Following these steps provides a detailed analysis of a single mutant sample.  A 
comparison of all the metabolites profiled by the consortium in a mutant sample to 
that of wild-type gives an overall view of the changes that are occurring in the 
metabolome of this mutant line.  Biochemical mapping of the metabolites that are 
hyperaccumulating and hypoaccumulating compared to wild-type provides 
preliminary evidence of the biochemical pathway the target gene may be associated 
with, thus leading to an initial hypothesis about the function of that target gene.   
CONCLUSIONS 
One of the most important functions of any metabolomics database is to 
present collected data in a way that allows for the data to be used for comparison 
among different experiments and platforms.  This requires that all the metadata of 
standard operating procedures for sample preparation, data acquisition, and the 
data processing be made available along with the corresponding results.  Although 
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there are some commercially available databases (Ridley et al., 2004) in the 
commercial sector, to our knowledge PM is one of the first metabolomics databases 
available in the fundamental plant research arena.  This database combines the 
results from many different platforms that were performed in parallel to analyze the 
same biological material.  At the end of the two-year pilot study, we have been able 
to provide data from 50 mutant lines and, baseline variations in metabolism in 
response to environmental condition variations during plant growth and tissue 
harvest.  A total of 1,758 metabolite peaks were quantified, of which 705 metabolites 
were identified by chemical structures.  The web based visualization tools in the 
portal make it easy for a non-statistician to do initial exploration of the data, perform 
quality checks and generate hypothesis.  This platform not only provides the 
metabolomics data and the analysis tools, it also promotes the field of metabolomics 
by providing educational tutorials on performing the metabolomics experiments and 
implementing the MSI standards.  
The metabolomics consortium will be profiling more Arabidopsis mutant lines 
and this data will be uploaded to PM as it becomes available.  Future plans include 
enhancing the resource by adding the derived spectral peak location, mass-spectra, 
metabolite peak integration data as well as make the actual chromatograms 
available for download in community accepted formats such as NetCDF and mzML. 
Future plans also include adding more analysis and visualization tools to make this 
portal a better aid for hypothesis generation and promoting the field of metabolomics 
among the community.  The web portal is also ready to accept metabolomics data 
from other MS based metabolomics platforms for Arabidopsis and other plants. 
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MATERIALS AND METHODS 
Normalization and Data Processing 
 Metabolomics data generated is normalized and processed according to each 
specific laboratories protocol.  This process is detailed for each individual analytical 
platform and laboratory in the standard operating procedure protocols contained 
within PM.   
Missing Values 
The detection limits for every run are typically experimentally determined by 
the corresponding labs and are reported along with the metabolite data.  Missing 
values or below-detection limit measurements are replaced by ½ of the estimated 
detection limit if the detection limit is reported for that run; otherwise the missing 
values are replaced by ½ of the lowest value for that run. 
  For example, in experiment EIE2, Analytical platform 1, the metabolite 
“Sphing-8-enine-19:0; ceramide” has a missing value under factor “NW-1” and there 
is a detection limit of 0.0737 reported for that run.  For analysis and visualization, the 
missing value for the above metabolite under factor NW-1 will be replaced with 
0.0737/2 or by 0.036.  All other metabolites with missing values under factor NW-1 
for that run on the same platform would be given the same value.  For analytical 
platform 11, there are no detection limits reported under any factor.  So, for 
metabolite “Arginine” which has a missing value under factor NW-1, it will be 
replaced by 0/2 as the lowest value reported under NW-1 for platform 11 is 0.  
Similarly, all the other metabolites with missing value under this factor for platform 
11 of experiment EIE2 will be imputed to be 0. 
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Log-Ratio Plot 
The x-axis ordinate is the logarithm (base 2) of the ratio of the relative 
abundance of each metabolite in the wild type vs. mutant plant: 
x-axis = log2 (µmt/µwt) 
The values, µmt and µwt, are the sample means for the metabolite abundances of all 
the replicates in the mutant and wildtype, respectively.  
Error Plot 
The standard error (SE) of the log-ratio was calculated using the delta method 
(or one-step Taylor-series) approximation, 
SE = log2 (√ (SEmt/µmt)2 + (SEwt/µwt)2 
SEmt and SEwt are the standard errors of the average mutant and wild-type 
metabolite abundances calculated by:  
 SE = √1/(N(N-1)) ∑ (xi - µx)2 
Database Schema 
The main structure and data organization of the PlantMetabolomics database 
are shown in the block diagram (blockdiagram.ppt). 
Web Site Map 
The website map of Plantmetabolomics.org is attached in the supplementary 
document (sitemap.doc). 
Data Curation  
  Data is sent to the administrators using the sample spreadsheets.  The 
spreadsheets are verified for format and then uploaded in the database by the 
administrators.  The collaborators cannot upload the data themselves.  
  
92 
ACKNOWLEDGEMENTS 
 This work was supported by the National Science Foundation (grant no. MCB 
0520140).  
REFERENCES 
Bino RJ, Hall RD, Fiehn O, Kopka J, Saito K, Draper J, Nikolau BJ, Mendes P, 
Roessner-Tunali U, Beale MH, Trethewey RN, Lange BM, Wurtele ES, 
Sumner LW (2004) Potential of metabolomics as a functional genomics tool. 
Trends Plant Sci 9: 418-425 
Fiehn O, Kopka J, Dormann P, Altmann T, Trethewey RN, Willmitzer L (2000) 
Metabolite profiling for plant functional genomics. Nat Biotechnol 18: 1157-
1161 
Fiehn O, Robertson D, Griffin J, van der Werf M, Nikolau B, Morrison N, 
Sumner LW, Goodacre R, Hardy NW, Taylor C, Fostel J, Kristal B, 
Kaddurah-Daouk R, Mendes P, van Ommen B, Lindon JC, Sansone S-A 
(2007) The metabolomics standards initiative (MSI). Metabolomics 3: 175-178 
Fiehn O, Sumner LW, Rhee SY, Ward J, Dickerson J, Lange BM, Lane G, 
Roessner U, Last R, Nikolau B (2007) Minimum reporting standards for 
plant biology context information in metabolomics studies. Metabolomics 3: 
195-201 
Goto S, Nishioka T, Kanehisa M (2000) LIGAND: chemical database of enzyme 
reactions. Nucleic Acids Res 28: 380-382 
Hall R, Beale M, Fiehn O, Hardy N, Sumner L, Bino R (2002) Plant metabolomics: 
the missing link in functional genomics strategies. Plant Cell 14: 1437-1440 
Jenkins H, Hardy N, Beckmann M, Draper J, Smith AR, Taylor J, Fiehn O, 
Goodacre R, Bino RJ, Hall R, Kopka J, Lane GA, Lange BM, Liu JR, 
Mendes P, Nikolau BJ, Oliver SG, Paton NW, Rhee S, Roessner-Tunali U, 
Saito K, Smedsgaard J, Sumner LW, Wang T, Walsh S, Wurtele ES, Kell 
DB (2004) A proposed framework for the description of plant metabolomics 
experiments and their results. Nat Biotechnol 22: 1601-1606 
Kopka J, Schauer N, Krueger S, Birkemeyer C, Usadel B, Bergmuller E, 
Dormann P, Weckwerth W, Gibon Y, Stitt M, Willmitzer L, Fernie AR, 
Steinhauser D (2005) GMD@CSB.DB: the Golm Metabolome Database. 
Bioinformatics 21: 1635-1638 
Mueller LA, Zhang P, Rhee SY (2003) AraCyc: A Biochemical Pathway Database 
for Arabidopsis. Plant Physiol. 132: 453–460 
Rhee SY, Beavis W, Berardini TZ, Chen G, Dixon D, Doyle A, Garcia-Hernandez 
M, Huala E, Lander G, Montoya M, Miller N, Mueller LA, Mundodi S, 
Reiser L, Tacklind J, Weems DC, Wu Y, Xu I, Yoo D, Yoon J, Zhang P 
(2003) The Arabidopsis Information Resource (TAIR): a model organism 
database providing a centralized, curated gateway to Arabidopsis biology, 
research materials and community. Nucleic Acids Res 31: 224-228 
  
93 
Ridley WP, Shillito RD, Coats I, Steiner H-Y, Shawgo M, Phillips A, Dussold P, 
Kurtyka L (2004) Development of the International Life Sciences Institute 
Crop Composition Database. Journal of Food Composition and Analysis 17: 
423-438 
Scholz M, Fiehn O (2007) SetupX--a public study design database for metabolomic 
projects. Pac Symp Biocomput: 169-180 
Sumner LW, Amberg A, Barrett D, Beger R, Beale MH, Daykin C, Fan TWM, 
Fiehn O, Goodacre R, Griffin JL, Hankemeier T, Hardy N, Higashi R, 
Kopka J, Lindon JC, Lane AN, Marriott P, Nicholls AW, Reilly MD, Viant 
M (2007) Proposed minimum reporting standards for chemical analysis. 
Metabolomics 3: 211-221 
Weckwerth W, Fiehn O (2002) Can we discover novel pathways using metabolomic 
analysis? Curr Opin Biotechnol 13: 156-160 
Wishart DS, Tzur D, Knox C, Eisner R, Guo AC, Young N, Cheng D, Jewell K, 
Arndt D, Sawhney S, Fung C, Nikolai L, Lewis M, Coutouly MA, Forsythe 
I, Tang P, Shrivastava S, Jeroncic K, Stothard P, Amegbey G, Block D, 
Hau DD, Wagner J, Miniaci J, Clements M, Gebremedhin M, Guo N, 
Zhang Y, Duggan GE, Macinnis GD, Weljie AM, Dowlatabadi R, Bamforth 
F, Clive D, Greiner R, Li L, Marrie T, Sykes BD, Vogel HJ, Querengesser 
L (2007) HMDB: the Human Metabolome Database. Nucleic Acids Res 35: 
D521-526 
Wurtele E, Li L, Berleant D, Cook D, Dickerson JA, Ding J, Hofmann H, 
Lawrence M, Lee E-k, Li J, Mentzen W, Miller L, Nikolau BJ, Ransom N, 
Wang Y (2007) MetNet: Systems Biology Software for Arabidopsis. In 
Concepts in Plant Metabolomics, Vol In Press. Springer, pp 145-158 
 
 
  
94 
 
Figure 1. Diagram of the main components of the plantmetabolomics.org 
portal. 
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Figure 2.  Process used in generation of metabolite data. 
 
Schematic representation of the process used in generation of metabolites data 
including the steps used to generate tissue process the samples and collect the 
datat.  At each step metadata is collected, recorded and provided in PM portal. 
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Figure 3.  Ratio plot for log transformed metabolite data of SALK_021108 and 
WtCol02. 
 
Ratio plot generated by taking the ratio of the log transformed metabolite 
abundances in SALK_021108 and WtCOl02 samples.  Each point on the plot is 
an individual metabolite.  Hyper-accumulation and hypo-accumulation patterns 
of the metabolites are seen through points that are far to the right or left of the 
central vertical line, respectively.  An investigator may click any point on the plot 
to be advanced to the metabolite details page for that specific metabolite.  In the 
illustrated example methionine (contained in red circle) was clicked and the 
investigator was advanced to the metabolite details page for methionine (Fig. 4). 
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Figure 4.  Metabolite details for Methionine. 
 
An investigator may click on the AraCycUniqueID and LIGAND links to see 
the annotations by those databases. The pathway entry shows all the 
pathways that are impacted by this metabolite and clicking on any pathway 
name shows all other metabolites contained in the database that participate 
in the selected pathway. The bar graph shows the abundance of Methionine 
in different Arabidopsis mutant lines.  All the replicates of the same mutant 
are grouped together for easier outlier detection.  Under SALK_021108, the 
third replicate has unusually high abundance of Methionine, which signifies 
that this replicate may be an outlier. 
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Table 1.   Experimental set-ups used to generate metabolomics data contained 
in PM. 
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Plantmetabolmoics.org Site Map 
 Metabolomics database www.plantmetabolomics.org 
Publications publications.php  
News news.php  
Contributors contributors.php  
FeedBack feedback_form.php  
Frequently Asked faq.php  
Tutorials tutorials.php  
Browse data browse.php  
Help How to Search For a browse.htm  
Extraction Metadata ExtractionMeta.php?ExpID=2&targetID=5  
Browse data 
browse.php?expID=2&texpID=5&SearchString=&SearchBy=   
Extraction Metadata ExtractionMeta.php?ExpID=6&targetID=2   
Download download.php   
Submit Data senddata.php  
Sample ChromatographyMetadata  
Sample BiologyMetadata.doc  
Sample ExtractionMetadata.xls  
Sample MSMetadata.xls  
Sample MetaboliteData.xls  
Tools tools.php  
Protocols protocols.php  
Analytical Platform_1  
Analytical Platform_2  
Analytical Platform_3  
Analytical Platform_4  
Analytical Platform_5  
Analytical Platform_6  
Analytical Platform_7  
Analytical Platform 8 (GC  
Analytical Platform_9  
Mutant Listing mutantlisting.php  
Gene with partially known biochemical functionality  
mutantlisting.php?d1=1  
Download Gene_Known_Functionality  
Gene Selection Procedure  genelistmetadata.php  
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Plantmetabolomics.org Site Map (continued) 
 
Genes with unknown biochemical functionality mutantlisting.php?d2=1  
Download Gene_Unknown_Functionality  
 Genes profiled by this consortium mutantlisting.php?d3=1  
Data Overview DataOverviewForm.php  
Ratio Plot scatterplotForm.php  
Help How to Search For a ScatterPlot.htm  
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CHAPTER 4. GENERAL CONCLUSIONS 
 
Arabidopsis is a model genetic system that is being developed for the study of 
plant biology.  Genomics technologies have provided the knowledge concerning the 
DNA sequence of the genome, which has led to the computational prediction that 
this genome encompasses approximately 30,000 genes.  Many of these 
computationally predicted gene structures have been experimentally confirmed by 
sequencing expressed mRNA-templates (i.e., cDNA clones, ESTs, RT-PCR 
products).  These sequences have also indicated that the expression of the genome 
is far more complex, with many examples of multiple transcripts arising from a single 
gene locus via alternative splicing pathways.  Despite this complexity, standardized 
terminology associated with gene functions at the molecular and cellular levels have 
been developed and used to annotate gene-functions.  However, there are 
approximately 30% of the predicted gene products that cannot be assigned to 
functional categories.  High-throughput technologies, such as genomic, 
transcriptomic, proteomic and metabolomic platforms, along with computer science, 
mathematics and statistics are being utilized to produce information about these 
genes.  Genomic, transcriptomic and proteomic technology achievements have 
provided the public with large amounts of reliable information. Standards for 
reporting experimental data generated by these technologies have been established 
to provide platforms for comparing experimental data across laboratories and 
experiments.  Major efforts have supported the development of public databases 
and web portals to provide the public with tools to view, analyze and use the data 
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generated, such examples are The Arabidopsis Information Resource (TAIR) (Rhee 
et al., 2003), Metabolic Network Exchange (MetNet) (Wurtele et al., 2003), and Plant 
Proteomics Database (PPDB) (Sun et al., 2008).  These technologies, however, 
have been unable to provide complete information on the function of all genes within 
the Arabidopsis genome.  The development of metabolomics has the potential to 
provide the information needed to assign functions to GUFs in combination with the 
data generated by previous “-omics” technologies.  Metabolomic platforms have the 
potential to provide detailed information about the differential accumulation of 
individual metabolites to aid in formulating hypothesis about genes that cannot be 
assigned to functional categories.  Recent technological developments are providing 
stronger more reliable detection of metabolites, however at this time it is not possible 
to detect every metabolite in a plant extract due to the large number and very 
diverse set of metabolites estimated to be contained within the plant metabolome.  
To compensate for this issue, development of standards and tools to facilitate 
comparison of results between laboratories and experiments needs to be 
accomplished.  
 The chapters in this thesis explored the development of metabolomics as a 
tool for generating hypotheses about Arabidopsis genes that are currently annotated 
with an unknown function.  Since no single analytical technology can provide 
complete coverage of the plant metabolome a consortium of metabolomics and 
metabolite profiling laboratories and partnership of biochemists, biostatisticians and 
bioinformaticists was assembled to obtain a broad coverage of the metabolome.  
This consortium employed a reverse genetic strategy to identify preliminary functions 
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of GUFs through biochemical analyses of Arabidopsis strains that carried a mutation 
in a specific gene.  This type of approach utilizes accumulation patterns of 
metabolites, as it is expected that the metabolites involved upstream of the non-
functional enzyme product from the mutated gene would hyper-accumulate while the 
metabolites downstream of the non-functional enzyme product would hypo-
accumulate.  Thus, by comparing the metabolite data generated for mutant stocks to 
that of wild-type, accumulation patterns of metabolites can potentially be mapped to 
biochemical pathways to provide the basis for formulating hypotheses on the 
function of the mutated gene.  However, chemical identification of metabolite peaks 
detected by the consortium analysis is still incomplete, not all data can be utilized for 
pathway mapping.  To allow for analysis of complete datasets a distance matrix 
calculation was used to provide statistical basis for comparing the metabolomes of 
each mutant.  This provided clusters of mutants that have statistically similar 
metabolomes.  One can then hypothesize that mutants clustering together may be 
involved in similar metabolic functions based on their similar metabolomes.  Further 
experimentation of the initial hypotheses about the function of GUFs generated by 
the consortium need to be done.  To facilitate this, a public database, available at 
www.plantmetabolomics.org, was developed to provide the metabolite information 
generated by the consortium to the public.  This database allows a user to view 
metabolite data generated through multiple analytical platforms, generate statistical 
plots, view detailed information about each analytical platform and instrumentation, 
view information about the selected genes and download the data for other uses.  
 The major accomplishment described is the assembly and efforts of the 
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metabolomics consortium to develop metabolomics as a tool for generating 
hypothesis about GUFs.  The consortium has shown its ability to integrally work 
together producing large amounts of metabolomics data, provide the information to 
the public and established a rudimentary means to form initial hypotheses about 
GUFs based on statistical analysis of the data generated.  
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